
 

 

TKH EHPLaQ BaOWLc SHa K\dURJUaSK\ 
aQd SaOHRHQYLURQPHQW baVHd RQ  
IRUaPLQLIHUaO JHRcKHPLVWU\ 

JXOia ChRQeZic] 
DLVVHUWaWLRQV LQ GHRORJ\ aW LXQd UQLYHUVLW\, 
MaVWHU’V WKHVLV, QR 599 
(45 KS/ECTS cUHdLWV)  

DHSaUWPHQW RI GHRORJ\  
LXQd UQLYHUVLW\ 

2020 



 

 



 

 

TKH EHPLaQ BaOWLc SHa K\dURJUaSK\ 
aQd SaOHRHQYLURQPHQW baVHd RQ 

 IRUaPLQLIHUaO JHRcKHPLVWU\ 

MDVWHU’V WKHVLV 
JXOLD CKRQHZLF] 

DHSDUWPHQW RI GHRORJ\ 
LXQG 8QLYHUVLW\ 

2020 



 

 

CRQWHQWV 

1  Introduction ................................................................................................................................................. 7 
2  Background ................................................................................................................................................. 7 
2.1 BaOWLc Sea: MRdeUQ h\dURgUaShLc VeWWLQg 7 
2.2 FRUaPLQLfeUa 8 
2.3 TUace eOePeQWV 8 
2.4 SaPSOLQg ORcaWLRQV 9 
2.5 SWabOe R[\geQ aQd caUbRQ LVRWRSeV 10 
3 Methods ...................................................................................................................................................... 10 
3.1 SaPSOe SUeSaUaWLRQ 10 
3.2 FRUaPLQLfeUa SLcNLQg 11 
3.3 FRUaPLQLfeUaO Mg/Ca cOeaQLQg SURcedXUe 11 
3.4 TUace eOePeQW aQaO\VLV 11 
3.5 SWabOe R[\geQ aQd caUbRQ LVRWRSe aQaO\VLV 12 
3.6 MRdeUQ h\dURgUaShLc PeaVXUePeQWV Rf Whe ORcaWLRQV 12 
3.7 Age PRdeO fRU EePLaQ 12 
4 Results ........................................................................................................................................................ 13 
4.1 IQWURdXcWLRQ WR Whe WUace eOePeQWaO aQaO\VLV aQd RWheU UeVXOWV 13 
4.2 AQhROW, KaWWegaW 13 
4.2.1 TUace eOePeQWaO daWa 14 
4.2.2 MRdeUQ h\dURgUaSh\ LQ AQhROW 14 
4.3 RLVWLQge, Whe DaQLVh SWUaLWV 15 
4.3.1 TUace eOePeQWaO daWa 16 
4.3.2 MRdeUQ h\dURgUaSh\ LQ RLVWLQge 16 
4.4 ObU]\QRZR, Whe BaOWLc PURSeU 17 
4.4.1 TUace eOePeQWaO daWa 18 
4.4.2 SWabOe R[\geQ aQd caUbRQ LVRWRSe 18 
4.4.3 MRdeUQ h\dURgUaSh\ LQ ObU]\QRZR 18 
5 Discussion ................................................................................................................................................... 19 
5.1 TUace eOePeQWaO aQaO\VLV LQ AQhROW 20 
5.1.1 Mg/Ca aQd bRWWRP-ZaWeU UecRQVWUXcWLRQ 20 
5.1.2 Ba/Ca 24 
5.1.3 MQ/Ca 20 
5.2 EePLaQ UecRQVWUXcWLRQ LQ AQhROW ZheQ cRXSOed ZLWh RWheU daWa 20 
5.3 TUace eOePeQWaO aQaO\VLV LQ RLVWLQge 20 
5.3.1 Mg/Ca aQd bRWWRP-ZaWeU UecRQVWUXcWLRQ 21 
5.3.2 Ba/Ca 21 
5.3.3 MQ/Ca 21 
5.4 EePLaQ UecRQVWUXcWLRQ LQ RLVWLQge ZheQ cRXSOed ZLWh RWheU daWa 21 
5.5 TUace eOePeQWaO aQaO\VLV LQ ObU]\QRZR 21 
5.5.1 Mg/Ca aQd bRWWRP-ZaWeU UecRQVWUXcWLRQ 21 
5.5.2 Ba/Ca aQd Whe IVRWRSe daWa 21 
5.5.3 MQ/Ca 21 
5.6 EePLaQ UecRQVWUXcWLRQ LQ ObU]\QRZR ZheQ cRXSOed ZLWh RWheU daWa 22 
5.7 AQ RYeUYLeZ Rf Whe EePLaQ h\dURgUaSh\ aQd cRQdLWLRQV 22 
5.8 FXWXUe aQaORgXe LPSOLcaWLRQ 24 
6  Conclusions ................................................................................................................................................ 26 
7  Acknowledgements .................................................................................................................................... 26 
8  References .................................................................................................................................................. 26 
9 Appendix .................................................................................................................................................... 30 

Cover Picture: SEM LPage Rf BXOLPLQa PaUgLQaWa. PhRWR b\ JXOLa ChRQeZLc] aQd Sha NL aW LXQd UQLYeUVLW\ 2020 



 

 

TKH EHPLDQ BDOWLF SHD K\GURJUDSK\ DQG SDOHRHQYLURQPHQW EDVHG RQ IRUDPLQLIHUDO JHR-
FKHPLVWU\ 

JULIA CHONEWICZ 

ChRQeZLc], J., 2020: The EePLaQ BaOWLc Sea h\dURgUaSh\ aQd SaOeReQYLURQPeQW baVed RQ fRUaPLQLfeUaO geRchePL-
VWU\. DLVVeUWaWLRQV LQ GeRORg\ aW LXQd UQLYeUVLW\, NR. 599, 33 SS. 45 hS (45 ECTS cUedLWV).  

Keywords:  WUace eOePeQWV, beQWhLc fRUaPLQLfeUa, OaVW LQWeUgOacLaO, WePSeUaWXUe UecRQVWUXcWLRQ, geRchePLVWU\  

Supervisor(s): HeOeQa L. FLOLSVVRQ, Sha NL 

Subject: QXaWeUQaU\ GeRORg\ 

JXOLa ChRQeZLc], DeSaUWPeQW Rf GeRORg\, LXQd UQLYeUVLW\, S|OYegaWaQ 12, SE-223 62 LXQd, SZedeQ. E-PaLO: 
QaW15Mch@VWXdeQW.OX.cRP  

Abstract: IQ WhLV WheVLV, WhUee PLcURfRVVLO UecRUdV fURP AQhROW (KaWWegaW), RLVWLQge (Whe DaQLVh VWUaLWV) aQd 
ObU]\QRZR (Whe VRXWheUQ BaOWLc- cRaVW) UeSUeVeQWLQg Whe OaVW LQWeUgOacLaO EePLaQ (130- 115 Na B.P) ZeUe geQeUaWed. 
The geRchePLVWU\ Rf beQWhLc fRUaPLQLfeUa ZaV LQYeVWLgaWed WR UecRQVWUXcW Whe EePLaQ BaOWLc Sea h\dURgUaSh\ aQd 
SaOeReQYLURQPeQW. The SaOeR-eQYLURQPeQWaO SUR[LeV ZeUe: Whe WUace eOePeQWV Mg/Ca, Ba/Ca, aQd MQ/Ca aV ZeOO aV 
VWabOe R[\geQ aQd caUbRQ LVRWRSeV (δ18O aQd δ13C), cRXSOed ZLWh daWa fURP SUeYLRXV VWXdLeV aQd PRdeUQ h\dURgUa-
Sh\. The UecRQVWUXcWed bRWWRP ZaWeU WePSeUaWXUe ZaV caOcXOaWed ZLWh VSecLeV-VSecLfLc Mg/Ca caOLbUaWLRQV aQd Whe 
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1  IQWURdXcWLRQ  
The OaVW LQWeUgOacLaO (EePLaQ; 130-115 Na B.P, MaULQe 
IVRWRSe SXbVWage (MIS)5e) ZaV a cRQVLdeUabO\ ZaUPeU 
SeULRd ZLWh hLgheU gORbaO Vea OeYeOV WhaQ LQ Whe SUeVeQW 
(e.g., KQXdVeQ eW aO. 2012 aQd UefeUeQceV ZLWhLQ). 
DXULQg WhaW WLPe SeULRd, Whe BaOWLc Sea ZaV aOVR cha-
UacWeULVed b\ hLgheU VaOLQLWLeV (KQXdVeQ eW aO. 2012) 
aQd e[WeQVLYe ORZ R[\geQ cRQdLWLRQV (e.g. FXQdeU & 
BaOLcဨZXQLc 2006). AQ LQWeUeVWLQg TXeVWLRQ LQ WhLV 
cRQWe[W LV hRZ hLgh Whe bRWWRP ZaWeU WePSeUaWXUeV 
(BWT) LQ Whe cRaVWaO UegLRQV Rf Whe BaOWLc Sea ZeUe, 
aQd aOVR hRZ Whe VaOLQLW\ YaULed aV ZeOO aV hRZ VeYeUe 
Whe ORZ R[\geQ cRQdLWLRQV ZeUe? TheVe aUe VRPe Rf 
Whe TXeVWLRQV I aVN P\VeOf ZLWhLQ P\ MaVWeU WheVLV 
SURMecW. PUeYLRXV VWXdLeV haYe dePRQVWUaWed eQYLURQ-
PeQWaO cRQdLWLRQV (SeLdeQNUaQW] 1993a;  KQXdVeQ eW 
aO. 2011;  KQXdVeQ eW aO. 2012), bXW TXaQWLWaWLYeO\ eVWL-
PaWeV Rf acWXaO bRWWRP-ZaWeU WePSeUaWXUeV haYe QRW 
beeQ SUeVeQWed. 
 The EePLaQ SeULRd ZaV aOVR chaUacWeULVed b\ a 
UaSLd Vea-OeYeO ULVe. MaULQe cRQdLWLRQV ZeUe SUeVeQW 
aQd SUeYaLOed WhURXghRXW PRVW Rf Whe SeULRd, aOWhRXgh 
a VLgQLfLcaQW fUeVhZaWeU LQSXW UeVXOWed LQ bUacNLVh cRQ-
dLWLRQV OaWeU RQ (KQXdVeQ eW aO. 2011;  KQXdVeQ eW aO. 
2012).   
 IQ P\ PaVWeU WheVLV, I haYe aQaO\Ved Whe WUace 
eOePeQWaO cRPSRVLWLRQ aQd VWabOe R[\geQ aQd caUbRQ 
LVRWRSeV LQ beQWhLc fRUaPLQLfeUa, WR fXUWheU deWaLO Whe 
SaOeR-eQYLURQPeQWaO cRQdLWLRQV LQ Whe BaOWLc Sea, LQ-
cOXdLQg Whe KaWWegaW. DeSeQdLQg RQ Whe cRQdLWLRQV LQ 
Whe ZaWeU cROXPQ dXULQg Whe OLfe Rf Whe fRUaPLQLfeUa, 
dLffeUeQW eOePeQWV ZLOO be LQcRUSRUaWed LQWR fRUaPLQL-
feUaO caOcLWe VheOOV (WeVWV). OceaQLc cRQdLWLRQV UefOecWed 
LQ fRUaPLQLfeUaO UecRUdV caQ, WheUefRUe, heOS ZLWh Whe 
UecRQVWUXcWLRQ Rf Whe SUeYLRXV eQYLURQPeQW. The aQaO\-
VLV ZaV cRUUeOaWed ZLWh RWheU SUR[LeV, VRPe Rf ZhLch 
ZeUe aOUead\ aYaLOabOe fURP SUeYLRXV VWXdLeV 
(KULVWeQVeQ eW aO. 2000;  KQXdVeQ eW aO. 2011;  KQXd-
VeQ eW aO. 2012). The VWXd\ LV fRcXVed RQ a VeOecWed 
QXPbeU Rf VSecLeV fURP WhUee VWaWLRQV: AQhROW 
(KaWWegaW), DN; RLVWLQge (DaQLVh SWUaLWV), DN aQd 
ObU]\QRZR (Whe VRXWheUQ BaOWLc- cRaVWaO UegLRQ); PO. 
The RULgLQaO SaSeUV caQ be fRXQd LQ WabOe 1.  
 I deWeUPLQed Whe cRQceQWUaWLRQV Rf WUace eOe-
PeQWV (Mg/Ca, Ba/Ca, MQ/Ca) aV ZeOO aV R[\geQ aQd 
caUbRQ LVRWRSeV fURP Whe ObU]\QRZR VWaWLRQ aQd cRU-
UeOaWed UeVXOWV ZLWh addLWLRQaO SUR[LeV fURP Whe WhUee 
VWaWLRQV, UeVSecWLYeO\. The PeaVXUePeQWV SURYLded 
LQfRUPaWLRQ abRXW Whe ZaWeU chePLVWU\ dXULQg Whe LaWe 
SaaOLaQ (MIS6, 135 Na) aQd Whe EePLaQ, ZLWh a fRcXV 
RQ WePSeUaWXUe, VaOLQLW\ aQd R[\geQ OeYeOV LQ Whe bRW-
WRP ZaWeUV. EVWLPaWeV Rf acWXaO TXaQWLWaWLYe WePSeUaWX-
UeV Rf bRWWRP ZaWeUV LQ Whe BaOWLc cRaVWaO UegLRQ ZeUe 
Pade, aV ZeOO aV aQ eVWLPaWLRQ Rf YaULaWLRQV LQ VaOLQLW\ 
aQd hRZ VeYeUe ZeUe Whe R[\geQ cRQdLWLRQV dXULQg Whe 
OaVW LQWeUgOacLaO VWage. TheVe UecRQVWUXcWLRQV ZLOO SXW 
RQgRLQg eQYLURQPeQWaO chaQgeV LQ Whe BaOWLc LQWR a 
OaUgeU SeUVSecWLYe, heOSLQg LQ eQYLURQPeQWaO SUedLcW-
LRQV WhaW caQ be baVed RQ Whe SaOeReQYLURQPeQWaO Ue-
cRUdV.  
The aLPV Rf Whe WheVLV aUe: 
x TR cRQWULbXWe ZLWh SUR[\ daWa fRU Whe SaOeRcOL-

PaWLc UecRQVWUXcWLRQV Rf Whe BaOWLc, fURP Whe 
OaVW LQWeUgOacLaO (Whe EePLaQ VWage). The cRQWUL-

bXWLRQ LQcOXdeV Whe WUace eOePeQW UaWLRV LQ fRUa-
PLQLfeUa deULYed fURP VedLPeQW cRUeV Rf AQ-
hROW, RLVWLQge aQd ObU]\QRZR aQd TXaQWLWaWLYe 
WePSeUaWXUe UecRQVWUXcWLRQV.  

x TR VhRZ ZhaW Whe fRUaPLQLfeUaO geRchePLVWU\ 
VhRZV LQ Whe UecRQVWUXcWLRQ Rf eQYLURQPeQWaO 
cRQdLWLRQV.    

x ShRZ aQ eVWLPaWLRQ Rf Whe WePSeUaWXUe aQd R[\-
geQ OeYeO YaULaWLRQV LQ Whe bRWWRP ZaWeUV 
WhURXghRXW Whe EePLaQ aV ZeOO aV Lf WheUe LV a 
cRUUeOaWLRQ beWZeeQ EePLaQ aQd Whe SUeVeQW 
cRQdLWLRQV aQd hRZ LW PLghW UefOecW RQ LQcUea-
VLQg ORZ R[\geQ OeYeOV LQ Whe PRdeUQ BaOWLc 
Sea.  

  
2 BacNJURXQd 
 
2.1 BDOWLF SHD: MRGHUQ K\GURJUDSKLF 

VHWWLQJ  
The h\dURgUaSh\ YaULeV gUeaWO\ LQ Whe BaOWLc aUea. SNa-
geUUaN LV Whe WUaQVLWLRQ beWZeeQ Whe NRUWh Sea fURP Whe 
QRUWhZeVW aQd Whe KaWWegaW LQ Whe VRXWh. The V\VWeP 
e[WeQdV WR Whe DaQLVh VWUaLWV OeadLQg Whe ZaWeUV WR YaUL-
RXV baVLQV ZLWhLQ Whe BaOWLc PURSeU (FLgXUe 1) (LaVV & 
MaWWhlXV 2008). AV a SaUW Rf Whe BaOWLc Sea cLUcXOaWLRQ, 
Whe SNageUUaN LV dLUecWO\ cRQQecWed WR Whe NRUWh Sea, 
ZLWh a PeaQ deSWh Rf 210 P aQd deeSeVW SaUW UeachLQg 
700 P deSWhV. The YaULRXV ZaWeU PaVVeV Rf hLgh VaOL-
QLW\ RULgLQaWe fURP NRUWh JXWOaQd cXUUeQW aQd Whe AW-
OaQWLc LQfORZ WhaW LV eYeQ PRUe VaOLQe (c. 31-35) aQd 
cUeaWe a c\cORQLc cLUcXOaWLRQ SaWWeUQ ZLWh LQSXW fURP 
Whe BaOWLc. LRZ VaOLQLW\ (c. 20) ZaWeU PaVV Rf Whe BaO-
WLc CXUUeQW fROORZV Whe SZedLVh aQd NRUZegLaQ cRaVW 
WUaQVSRUWLQg VXUface ZaWeU fURP Whe BaOWLc aQd WR OaWeU 
MRLQ cLUcXOaWLRQ Rf hLgh VaOLQLW\ ZaWeUV Rf Whe NRU-
ZegLaQ CRaVWaO CXUUeQW (RRdhe 1996).  
  The DaQLVh SWUaLWV cRQVLVWV Rf Whe LLWWOe BeOW, 
GUeaW BeOW (PaLQ chaQQeO), Whe SRXQd (gUeVXQd) (24-
53 P, PeaQ deSWh Rf 12 P) ZLWh Whe DURgdeQ SLOO (8 P 
deSWh) aQd DaUVV SLOO (18 P deSWh). The VLOOV Rf DaQLVh 
SWUaLWV WheQ Oead WR Whe AUNRQa BaVLQ (VaOLQLW\ c. 8) 
(LaVV & MaWWhlXV 2008;  LeSSlUaQWa & M\UbeUg 
2009). AUNRQa BaVLQ cRQWLQXeV LQWR Whe BRUQhROP Ba-
VLQ, GdaQVN Ba\ aQd GRWOaQd BaVLQ LQWR Whe BaOWLc 
PURSeU. The DaQLVh VWUaLWV aUe TXLWe VhaOORZ, beLQg 
PRVWO\ beORZ 20 P aQd bRUdeUV RQWR KaWWegaW fURP 
SMaeOOaQd WR SNnQe (LeSSlUaQWa & M\UbeUg 2009).  
The bRWWRP ZaWeUV LQ KaWWegaW aUe Rf c. 32 VaOLQLW\  
(GUReQeYeOd eW aO. 2018) aQd haYe a PeaQ deSWh Rf 23 
P aQd aUe Whe SaVVage ZheUe a VLgQLfLcaQW ZaWeU PaVV 
PL[LQg SUeYaLOV, ZLWh VaOLQLW\ chaQgeV deSeQdaQW RQ 
Whe YaULabOe WRSRgUaSh\. AUeaV aURXQd Whe IVOaQd Rf 
AQhROW aUe deeSeU ZheUe Whe ZaWeU deSWh UeacheV 100 
P, beLQg Whe deeSeVW LQ Whe UegLRQ. The PL[LQg cLU-
cXOaWLRQ UeVXOWV LQ Whe KaWWegaW haYLQg a SURQRXQced 
haORcOLQe (15-20 P deSWh) ZLWh Whe BaOWLc RULgLQ ZaWeU 
ZLWh ORZeU VaOLQLW\ RYeUOa\LQg Whe deQVeU ZaWeU 
(LeSSlUaQWa & M\UbeUg 2009).   
 The BaOWLc Sea LV OaQdORcNed, aQd Whe VaOLQe 
LQfORZ gLYeV LW a geQeUaO bUacNLVh VaOLQLW\. The BaOWLc 
Sea haV a VWURQg SeUPaQeQW VWUaWLfLcaWLRQ aQd a ZeaN 
YeUWLcaO cLUcXOaWLRQ, WhXV UeVWULcWLQg Whe PL[LQg aQd 
UeVXOWLQg LQ SRRU YeQWLOaWLRQ Rf Whe bRWWRP ZaWeU. The 
WZR ZaWeU PaVVeV aUe SeUPaQeQWO\ YeUWLcaOO\ VWUaWLfLed 
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aQd VeSaUaWed b\ a haORcOLQe (LeSSlUaQWa & M\UbeUg 
2009) aQd VeaVRQaOO\ VWeeUed WheUPRcOLQe (CRQOe\ eW 
aO. 2009). The VaOLQLW\ LQ Whe ceQWUaO SaUWV YaULeV fURP 
6-7 LQ Whe VXUface ZaWeU aQd deeS ZaWeU fURP 10-14 
(LaVV & MaWWhlXV 2008). GeQeUaOO\ VhaOORZ, Whe eQWLUe 
BaOWLc Sea LV aOVR UeOaWLYeO\ VPaOO ZLWh -392.978 NP2 
aQd YROXPe Rf 21.205 NP3, Whe PeaQ deSWh LV 54 P 
(LeSSlUaQWa & M\UbeUg 2009). The fUeVhZaWeU LQ-
fOXeQce LQWR Whe BaOWLc LV dRPLQaWLQg dXe WR Whe LQSXW 
fURP ULYeUV dUaLQage fURP Whe VXUURXQdLQg cRXQWULeV 
(LaVV & MaWWhlXV 2008). The BaOWLc LV WhXV a SRVLWLYe 
eVWXaULQe V\VWeP aV Whe SUecLSLWaWLRQ, aQd Whe LQSXW Rf 
fUeVhZaWeU aUe OaUgeU WhaQ eYaSRUaWLRQ (FLOLSVVRQ eW aO. 
2017).  
 The cOLPaWe LQ Whe BaOWLc Sea aUea LV bRWh VXb-
AUcWLc aQd PaULWLPe WePSeUaWe (LeSSlUaQWa & M\UbeUg 
2009). The WePSeUaWXUe, accRUdLQg WR SMHI, LV geQe-
UaOO\ 4 WR 5ၨC LQ Whe VXUface ZaWeU Rf Whe BaOWLc aQd 
abRXW 6ၨC LQ KaWWegaW (SMHI 2018). TePSeUaWXUe YaUL-
abLOLW\ LQ Whe BaOWLc caQ VhLfW LQ Whe eQeUg\ baOaQce 
deSeQdLQg RQ Whe VeaVRQ, \eW Whe bRWWRP ZaWeUV YaU\ LQ 
OeVVeU gUade WhaQ Whe VXUface ZaWeUV. RegLRQV ZLWh he-
LghWeQed adYecWLRQ dXe WR Whe LQfOXeQce Whe VaOLQe LQ-
fORZ WURXgh Whe DaQLVh VWUaLWV, OLNe Whe VRXWheUQ SaUWV 
Rf Whe BaOWLc, YaU\ PRUe LQ WePSeUaWXUe eYeQ LQ Whe 
bRWWRP ZaWeUV. The haORcOLQe VWURQgO\ SUeYaLOV LQ Whe 
BaOWLc aQd LV XVXaOO\ aW a deSWh Rf 15-30 P, dXULQg 
VXPPeU dXe WR Whe ULYeU- UXQRff WhaW beQefLWV Whe VWUaWL-
fLcaWLRQ Rf ZaWeU PaVVeV (LaVV & MaWWhlXV 2008).  
 DXe WR Whe abRYe PeQWLRQed e[WeQVLYe LQSXW Rf 
fUeVhZaWeU LQWR Whe BaOWLc, Whe QXWULeQW eQULchPeQW haV 
LQcUeaVed, UeVXOWLQg LQ eXWURShLcaWLRQ LQ cRaVWaO aUeaV 
(DLa] & RRVeQbeUg 2008). The OaUge LQSXW Rf QXWULeQWV 
fURP fUeVhZaWeU UXQRff affecWV Whe cRPSRQeQWV OLNe 
bLRchePLcaO c\cOeV Rf N, P aQd O2 aQd Whe SURdXcWLRQ 
Rf RUgaQLc PaWWeU LQcUeaVeV. The QXWULeQW LQfOX[ UeVXOWV 
LQ aQ LQcUeaVe Rf RUgaQLc SURdXcWLYLW\ WhaW, LQ WXUQ, 
caXVeV Whe decUeaVe Rf R[\geQ OeYeOV, dXe WR Whe UePL-
QeUaOLVaWLRQ Rf R[\geQ (MaWWhlXV eW aO. 2008). ThLV 
SURceVV Rf R[\geQ deSOeWLRQ RfWeQ OeadV WR h\SR[La 
WhaW LV defLQed aV Whe OeYeOV Rf dLVVROYed R[\geQ faOOLQg 
beORZ ≤2 PO/O Rf O2. DXe WR WhaW UeVSRQVe LQ Whe bRW-
WRP ZaWeU R[\geQ OeYeOV, LQcUeaVLQgO\ h\SR[Lc bRWWRP 
ZaWeU cRQdLWLRQV haYe beeQ UecRUded LQ KaWWegaW aQd 
Whe BaOWLc VLQce Whe 1960V. (DLa] & RRVeQbeUg 2008). 
The VWURQg YeUWLcaO VWUaWLfLcaWLRQ aOVR aPSOLfLeV Whe 
deSOeWLRQ Rf R[\geQ (DLa] & RRVeQbeUg 2008). The 
VaOLQLW\ VWUaWLfLcaWLRQ LV a VWURQg OLPLWaWLRQ fRU YeUWLcaO 
PRYePeQWV Rf ZaWeU aQd UeVXOWV LQ aQR[Lc bRWWRP 
ZaWeU cRQdLWLRQV, aQd geQeUaOO\ caXVeV ORZ R[\geQ 
WUeQdV LQ Whe BaOWLc Sea (LeSSlUaQWa & M\UbeUg 2009). 
SLPLOaUO\, WR RWheU cRQWLQeQWaO PaULQe eQYLURQPeQWV 
RWheU WhaQ Whe BaOWLc (e.g. The VRXWh-ZeVW AWOaQWLc, 
eaVWeUQ PacLfLc aQd Ba\ Rf BeQgaO) Whe cRPbLQaWLRQ Rf 
WheVe facWRUV caQ Oead WR a bURadO\ RccXUULQg h\SR[La 
(DLa] & RRVeQbeUg 2008). The RbVeUYed VWUeQgWheQLQg 
Rf Whe VWUaWLfLcaWLRQ aQd OacN Rf YeQWLOaWLRQ dXe WR OL-
PLWed deeS ZaWeU e[chaQge LQ Whe BaOWLc haV beeQ Ue-
ceQWO\ aPSOLfLed b\ aQWhURSRgeQLc acWLYLW\ RQ Whe 
ZaWeU dLVchaUge LQWR Whe BaOWLc, a facWRU LQ Whe 
VWUeQgWheQLQg Rf eXWURShLcaWLRQ   (CRQOe\ eW aO. 2011;  
GUReQeYeOd eW aO. 2018).  
 
2.2 FRUDPLQLIHUD 
FRUaPLQLfeUa aUe PLcURRUgaQLVPV RfWeQ ZLWh a caO-

caUeRXV WeVW (BReUVPa 1998). TheVe PLcURRUgaQLVPV 
aUe cOaVVed XQdeU Whe PURWLVWV Sh\OXP aQd haYe eQcOR-
Ved VheOOV WhaW cRQVLVW Rf chaPbeUV (MXUUa\ 2006). 
TheVe SURWR]RaQV caQ be bURadO\ cOaVVed LQ beQWhLc 
fRUaPLQLfeUa, ZhLch haYe eYROYed dXULQg Whe CaP-
bULaQ, aQd SOaQNWRQLc fRUaPLQLfeUa VSecLeV ZhLch haYe 
e[LVWed VLQce Whe MeVR]RLc. The\ SURYLde a ZLde YaUL-
eW\ Rf PLcURfRVVLOV aQd aUe cXUUeQWO\ LQhabLWLQg Whe 
ZRUOd¶V RceaQV LQ bRWh VhaOORZ aQd deeS ZaWeU 
(BReUVPa 1998).  
 I fRcXVed RQ fRXU VSecLeV Rf beQWhLc fRUaPLQL-
feUa LQ WhLV WheVLV. BXOLPLQa PaUgLQaWa d¶OUbLgQ\ LV aQ 
RSSRUWXQLVWLc Wa[a WhaW WhULYeV LQ VedLPeQWV ZLWh a 
OaUge RUgaQLc cRQWeQW aV ZeOO aV R[\geQ-SRRU cRQdLW-
LRQV (HeVV & JRULVVeQ 2009;  ChaUULeaX eW aO. 2018). 
H\aOLQea baOWhLca (SchUReWeU) LV a VSecLeV WhaW WhULYe LQ 
cROdeU WePSeUaWXUeV (aOWhRXgh QRW AUcWLc) aQd caQ be 
fRXQd LQ abXQdaQce LQ Whe NRUWh AWOaQWLc (MXUUa\ 
2006;  RRVeQWhaO eW aO. 2011). The VSecLeV SUefeUV VhaO-
ORZV VedLPeQW OeYeOV bXW LV aOVR SUeVeQW LQ Whe deeSeU 
VXcceVVLRQV ZLWh ZheUe OacN Rf R[\geQ RccXUV VLPL-
OaULW\ WR B. PaUgLQaWa (HeVV & JRULVVeQ 2009;  RR-
VeQWhaO eW aO. 2011). APPRQLa baWaYa (HRfNeU) LV aQ 
RSSRUWXQLVWLc VSecLeV WhULYLQg LQ bUacNLVh ZaWeUV, aQd 
Whe\ haYe Whe abLOLW\ WR adaSW ZeOO WR OaUge eQYLURQ-
PeQWaO YaULaWLRQ (MXUUa\ & AOYe 1999;  TR\RfXNX eW 
aO. 2011 aQd UefeUeQceV ZLWhLQ). APPRQLa baWaYa ZaV 
SUeYLRXVO\ cOaVVed aV A. beccaULL bXW haYe beeQ UeceQW-
O\ UeaVVLgQed (e.g. GUReQeYeOd eW aO. 2018;  BLUd eW aO. 
2020, SeUVRQaO cRPPXQLcaWLRQ KaUeQ LXLVe KQXdVeQ 
2019) aQd ZaV LQ WhLV WheVLV caOOed A. baWaYa fRU Whe 
daWa SUeVeQWed. EOShLdLXP cOaYaWXP CXVhPaQ LV a 
cRPPRQ VSecLeV Rf fRUaPLQLfeUa, ZLdeVSUead aOWhRXgh 
PaLQO\ dLVWULbXWed LQ hLgh OaWLWXdeV OLNe Whe AUcWLc. The 
VSecLeV LV aOVR WROeUaQW Rf UeVWULcWLYe eQYLURQPeQWV 
ZhLch chaUacWeULVWLcV OLNe, R[\geQ-SRRU cRQdLWLRQV WhaW 
caQ be fRXQd LQ Whe BaOWLc (CRQUadVeQ 1993;  DaUOLQg 
eW aO. 2016 aQd UefeUeQceV ZLWhLQ).  
 The dLVWULbXWLRQ Rf beQWhLc fRUaPLQLfeUa LV beOL-
eYed WR deSeQd RQ WePSeUaWXUe, ZaWeU deSWh aQd h\d-
URVWaWLc SUeVVXUe WhaW haV aQ LPSacW RQ chePLcaO SUR-
ceVVeV OLNe gaV VROXbLOLW\ aQd heQce Whe fRUPaWLRQ Rf 
caOcLXP caUbRQaWe Rf Whe fRUaPLQLfeUaO WeVW (BReUVPa 
1998). The dLffeUeQW VSecLeV Rf fRUaPLQLfeUa Qeed WR be 
cRQVLdeUed ZLWh Whe accRXQW WR WheLU ecRORg\, aV dL-
YeUVe VSecLeV haYe dLffeUeQW VeQVLWLYLW\ WhaW PLghW 
affecW WheLU YLWaOLW\ (WePSeUaWXUe VeQVLWLYLW\, PeWabRO-
LVP, RQWRgeQ\) LQ aQ eQYLURQPeQW aQd UefOecW WhaW LQ 
Whe geRchePLVWU\ (BReUVPa 1998;  RRVeQWhaO eW aO. 
2011;  GUReQeYeOd & FLOLSVVRQ 2013;  GUXQeUW eW aO. 
2018).  

 
2.3 TUDFH HOHPHQWV  
The XVage Rf WUace eOePeQWV aV aQ LQdLcaWRU Rf SaVW 
eQYLURQPeQWaO cRQdLWLRQV LV gURZLQg LQ LQWeUeVW aQd 
XVage Rf WheP aUe LQcUeaVLQg. TUace eOePeQWV aUe aQ 
LPSRUWaQW WRRO fRU SaOaeRceaQRgUaSh\ aQd, e.g. Mg/Ca 
caQ be XVed WR UecRQVWUXcW WePSeUaWXUe. The cRPSRVL-
WLRQ Rf WUace eOePeQWV LQ VeaZaWeU (L.e. bLRchePLcaO 
c\cOLQg Rf QXWULeQW- OLNe, cRQVeUYaWLYe aQd SaUWLcOe- 
UeacWLYe eOePeQWV) caQ dLffeU deSeQdLQg RQ Whe deSWh 
aQd Whe aPRXQW Rf VRXUce ZaWeU (PaULQe LQSXW aQd ULYeU 
dLVchaUge) aV ZeOO aV dLffeUeQW PL[LQg SaWWeUQV. The 
dLffeUeQce LQ h\dURgUaShLc cRQdLWLRQV WhaW affecW Whe 
eOePeQWV caQ aOVR LQfOXeQce Whe bLRORgLcaO aQd Sh\VLcaO 
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aVSecWV Rf fRUaPLQLfeUaO caOcLfLcaWLRQ aQd WhXV UefOecW-
LQg LQ WheLU WeVWV ZheUe Whe eOePeQWV haYe beeQ SUe-
VeUYed (EOdeUfLeOd eW aO. 1996;  Lea 1999). AV Whe eOe-
PeQWV aUe LQcRUSRUaWed LQ Whe fRUaPLQLfeUa WeVWV, Whe 
YaULabLOLW\ LQ SaOeRWePSeUaWXUeV caQ be VhRZQ b\ 
Mg/Ca aQd δ18O VWabOe LVRWRSeV (N�UQbeUg eW aO. 
1996). DLVWLQcWLYe fRU cRaVWaO UegLRQV ZLWh a WeQdeQc\ 
WR YaU\ LQ WePSeUaWXUe aQd VaOLQLW\ OLNe Whe BaOWLc, LV 
WhaW LW UefOecWV RQ bRWh Whe Mg/Ca aQd δ18O UaWLR Rf Whe 
fRUaPLQLfeUa, aOWhRXgh Whe VaOLQLW\ SaUaPeWeU haV OeVV 
LPSacW RQ WheVe aVSecWV aV RSSRVed WR RSeQ PaULQe 
eQYLURQPeQWV (N�UQbeUg eW aO. 1996;  TR\RfXNX eW aO. 
2011).  
 TheUe aUe bRWh e[SRQeQWLaO aQd OLQeaU UeOaWLRQ-
VhLSV Rf Mg aQd WePSeUaWXUe ZhLch ZLWh caOLbUaWLRQV 
(cRUe-WRS aQd cXOWXUe VWXdLeV) fRU aUcWLc VSecLeV ZLOO 
be XVed fRU UecRQVWUXcWLQg Rf SaOeRWePSeUaWXUe (MaUWLQ 
& Lea 2002;  KULVWMiQVdyWWLU eW aO. 2007;  FLOLSVVRQ eW 
aO. 2010).  
 Mg/Ca LV XVed heUe aV a WePSeUaWXUe SUR[\, dXe 
WR Whe UeOaWLRQVhLS beWZeeQ Mg cRQWeQW aQd Whe WeP-
SeUaWXUe, WhaW LV UefOecWed b\ Whe cRQceQWUaWLRQ Rf Whe 
eOePeQWV LQcRUSRUaWed LQ Whe WeVW (EOdeUfLeOd eW aO. 
1996;  N�UQbeUg eW aO. 1996;  Lea 1999). Mg LV a cRQ-
VeUYaWLYe eOePeQW PeaQLQg LW UePaLQV UeOaWLYeO\ VWabOe 
LQ Whe V\VWeP, aQd WhXV chaQgeV LQ WheLU cRQceQWUaWLRQV 
UefOecW RQ chaQgeV LQ ZaWeU cRQdLWLRQV WhaW PLghW haYe 
RccXUUed aQd LQfOXeQced Whe LQcRUSRUaWLRQ Rf Whe eOe-
PeQW (Lea 1999). WaWeU ZLWh hLgheU WePSeUaWXUe Ue-
VXOWV LQ a OaUgeU Whe SUecLSLWaWLRQ Rf Mg LQ caUbRQaWe 
VheOOV, \LeOdLQg hLgh YaOXeV fRU eQYLURQPeQWV WhaW aUe 
ZaUPeU, OLNe VheOYeV, Whe XVXaO UaQge LV 0.5 WR 10 
PPRO/PRO (EOdeUfLeOd eW aO. 1996;  Lea 1999).  
 Ba/Ca UaWLR LV XVed aV a VaOLQLW\ SUR[\ dXe WR LW 
beLQg VWURQgO\ cRXSOed WR ULYeU UXQRff. The BaOWLc be-
LQg aQ eQcORVed baVLQ LV a gRRd eQYLURQPeQW fRU aV-
VeVVLQg Whe SRWeQWLaO Rf Ba/Ca aV a VaOLQLW\ SUR[\, 
(BahU eW aO. 2013;  GUReQeYeOd eW aO. 2018 aQd UefeU-
eQceV ZLWhLQ). MaQgaQeVe (MQ) LV a UedR[ VeQVLWLYe 
eOePeQW WhaW caQ be fRXQd LQcRUSRUaWed LQ Whe fRUaPL-
QLfeUaO WeVWV dXULQg h\SR[Lc cRQdLWLRQV (BaUNeU eW aO. 
2003) aQd deSeQdV WhXV RQ Whe gUade Rf R[LdaWLRQ. MQ 
LV SUeVeQW aV MQ R[LdeV aQd MQ R[\h\dUR[Lde LQ R[\-

geQ-ULch cRQdLWLRQV aQd aV MQ2+ XQdeU h\SR[La. TR XVe 
MQ2+ aV a SUR[\ fRU Whe ORZ R[\geQ cRQdLWLRQV, LW LV 
LPSRUWaQW WR dLVWLQgXLVh Whe R[LdLVed cRaWLQg aQd Whe 
SUecLSLWaWed eOePeQW Rf Whe WeVW (TULbRYLOOaUd eW aO. 
2006;  GUReQeYeOd & FLOLSVVRQ 2013). A SRWeQWLaO MQ-
R[Lde cRaWLQg LV SRVVLbO\ UePRYed LQ a UedXcWLYe VWeS 
Rf Whe fRUaPLQLfeUaO cOeaQLQg (BaUNeU eW aO. 2003).  
 IW LV LPSRUWaQW WR QRWe WhaW dLffeUeQW VSecLeV Rf 
fRUaPLQLfeUa PLghW haYe a dLffeUeQW cRPSRVLWLRQ Rf 
Mg/Ca dXe WR WheLU dLffeUeQW habLWaW aQd RWheU facWRUV 
OLNe bLRORgLcaO SURceVVeV LPSacWLQg Whe caOcLfLcaWLRQ Rf 
Whe WeVW (EOdeUfLeOd eW aO. 1996;  Lea 1999).  

 
2.4 SDPSOLQJ ORFDWLRQV 
ThUee ORcaOLWLeV aUe dLVcXVVed LQ WhLV SaSeU (FLgXUe 1, 
TabOe 1). The fLUVW RQe LV VLWXaWed RQ Whe QRUWh-ZeVWeUQ 
VLde Rf Whe LVOaQd Rf AQhROW, KaWWegaW. The dULOOLQg WRRN 
SOace LQ VSULQg 1990, ZLWh WhUee bRULQgV ZeUe Pade, LQ 
WhLV VWXd\ RQO\ Whe bRULQg AQhROW III aUe cRQVLdeUed. 
ASSUR[LPaWeO\ 7.8 P Rf Whe dULOOed cRUe UeSUeVeQWV Whe 
SaaOLaQ aQd EePLaQ VedLPeQWV WhaW aUe Rf LQWeUeVW LQ 
WhLV SaSeU (SeLdeQNUaQW] 1993a). 
 The VecRQd ORcaOLW\, RLVWLQge, LV VLWXaWed LQ 
LaQgeOaQd, VRXWheUQ DeQPaUN. The VedLPeQWV Rf LP-
SRUWaQce LQ WhLV SaSeU aUe Whe C\SULQa COa\, deVcULbed 
LQ KULVWeQVeQ eW aO. 2000 (TabOe 1). The age PRdeO fRU 
Whe VedLPeQWV LQ RLVWLQge VeTXeQce LV RULgLQaOO\ fURP 
KULVWeQVeQ eW aO. (2000), aQd fXUWheU cRUUeOaWLRQV fRO-
ORZ LQ KQXdVeQ eW aO. (2011). The VeTXeQce LV eQabOed 
WR be cRUUeOaWed ZLWh BLVSLQgeQ VeTXeQce WhaW haV beeQ 
SUeYLRXVO\ XVed aV a baVe VeTXeQce fRU QRUWh-ZeVWeUQ 
EXURSe (KULVWeQVeQ eW aO. 2000: KQXdVeQ eW aO. 2011).  
 The WhLUd VWaWLRQ LV ORcaWed LQ ObU]\QRZR, 
QRUWheUQ PROaQd (TabOe 1). The cRUe ZaV fLUVW de-
VcULbed b\ MaNRZVNa (1997). HeUe, SROOeQ daWa cRUUe-
OaWLRQV ZLWh bRWWRP ZaWeU aVVePbOageV haYe beeQ 
Pade ZLWh WhLV cRUe aQd WLPe ]RQaWLRQ ZaV aOVR cRQ-
cOXded (KQXdVeQ eW aO. 2012). SLPLOaUO\, WR RLVWLQge, 
heUe Whe SROOeQ ]RQe bRXQdaULeV Rf Whe VeTXeQce haYe 
beeQ cRPSaUed WR BLVSLQgeQ WLPe VcaOe. The age VcaOe 
LV gLYeQ LQ \eaUV afWeU Whe SaaOLaQ/EePLaQ bRXQdaU\, a 
fORaWLQg WLPe VcaOe, ZheUe UegLRQaO SROOeQ ]RQeV ZLWh 
WheLU cRUUeVSRQdLQg ageV ZeUe aSSOLed LQ Whe VecWLRQ, 

TabOe 1. The WabOe SUeVeQWV Whe VWaWLRQV, Whe W\Se Rf SXbOLVhed aQaO\VeV aQd UefeUeQceV.  

Station Analysis Source 

AQhROW APLQR acLd daWed ageV 
FRUaPLQLfeUaO aVVePbOageV aQd VWabOe LVRWRSeV fURP beQWhLc 
fRUaPLQLfeUa 

  

EePLaQ eQYLURQPeQWV aQd YaULabLOLW\ LQ DaQLVh VWaWLRQV 

(KQXdVeQ & SeMUXS 1988)
(SeLdeQNUaQW] 1993a) 
(SeLdeQNUaQW] 1993b;  SeL-
deQNUaQW] & KQXdVeQ 1994)
(L\NNeဨAQdeUVeQ eW aO. 
1993) 
(SeLdeQNUaQW] eW aO. 2000) 

RLVWLQge PaOeR-YegeWaWLRQ, fRUaPLQLfeUaO - aQd RVWUacRd cRUUeOaWLRQV, 
age PRdeO 
RecRQVWUXcWLRQ Rf VWabOe LVRWRSe daWa aQd fXUWheU cRUUeOaWLRQ 
agaLQVW a fORaWLQg chURQRORg\ 

(KULVWeQVeQ eW aO. 2000) 

(KQXdVeQ eW aO. 2011) 

ObU]\QRZR PROOeQ chURQRORg\ OeYeOV aQd h\dURgUaSh\ 
CRUUeOaWLRQ Rf SROOeQ aQd bRWWRP ZaWeU aVVePbOageV Rf bRWh 
fRUaPLQLfeUa, dLaWRPV aQd RVWUacRdV agaLQVW a fORaWLQg chURQRO-
Rg\ 

(Head eW aO. 2005) 
(KQXdVeQ eW aO. 2012) 
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VWaUWLQg ZLWh 300 \eaUV afWeU Whe begLQQLQg Rf Whe 
EePLaQ. FROORZLQg aW 11.85P Whe Qe[W ]RQe haV beeQ 
SOaced fRU c. 750 \eaUV, ]RQe E4 LV aW 108.4P aQd cRQ-
WLQXeV XQWLO c. 7000 \eaUV aW Whe eQd (KQXdVeQ eW aO. 
2012).  

 
2.5 SWDEOH R[\JHQ DQG FDUERQ LVRWRSHV 
SWabOe O aQd C LVRWRSeV aUe aQRWheU SUR[\ Rf LP-
SRUWaQce fRU SaOeRUecRUd LQWeUSUeWaWLRQV. IVRWRSeV Rf 
dLffeUeQW eOePeQWV aUe LQcRUSRUaWed LQ Whe fRUaPLQLfeUaO 
WeVWV XQdeU WheLU gURZWh fURP WheLU VXUURXQdLQg eQYL-
URQPeQW. The R[\geQ aQd caUbRQ LVRWRSeV caQ be XVed 
fRU eVWLPaWLRQ Rf WePSeUaWXUe, VaOLQLW\ aQd Whe VSecLfLc 
ZaWeU cRQdLWLRQV. SWabOe LVRWRSeV SRVVeVV a dLffeUeQW 
aWRPLc PaVV Rf Whe VaPe eOePeQW dXe WR Whe dLffeUeQce 
LQ Whe QXPbeU Rf QeXWURQV beWZeeQ Whe LVRWRSeV. TZR 
YaULaQWV Rf VLgQLfLcaQW VWabOe LVRWRSeV fRU WhLV WheVLV LV 
R[\geQ (18O & 16O) aQd caUbRQ  (12C &13C) (HLOOaLUe-
MaUceO & RaYeOR 2007;  BRNhaUL FULbeUg 2015). The 
LVRWRSLc YaOXeV aUe PeaVXUed LQ VLeQQa Pee Dee BeO-
ePQLWe (VPDB), VhRZLQg Whe UaWLR Rf LVRWRSe YaULaQWV, 
SUeVeQWed aV deOWa (δ) (KaW] eW aO. 2010). A SRVLWLYe δ 
LPSOLeV a hLgheU UaWLR Rf Whe heaYLeU LVRWRSe, aV Whe 
QegaWLYe YaOXeV VhRZ a ORZeU SURSRUWLRQ Rf heaYLeU 
LVRWRSeV (HLOOaLUe-MaUceO & RaYeOR 2007).  

3  MHWKRdV 
 
3.1 SDPSOH SUHSDUDWLRQ  
The OabRUaWRU\ SURcedXUeV ZeUe cRQdXcWed aW Whe De-
SaUWPeQW Rf GeRORg\ aW LXQd UQLYeUVLW\, ZLWh Whe 
gXLdaQce Rf Sha NL aQd HeOeQa FLOLSVVRQ. The SUacWL-
caO ZRUN ZaV caUULed RXW beWZeeQ NRYePbeU Rf 2019 
aQd JaQXaU\ 2020. The VaPSOeV XVed fRU Whe PeaVXUe-
PeQWV cRPe fURP eaUOLeU VWXdLeV (TabOe 1). DeSeQdLQg 
RQ Whe VSecLeV Whe haUdQeVV Rf WeVW YaULed, bXW RYeUaOO, 
Whe VSecLPeQV ZeUe ZeOO-SUeVeUYed ZLWh feZ cUacNV 
aOWhRXgh VRPe PLVV cRORXULQg aQd cRQWaPLQaWLRQ LQ 
Whe WeVWV SUeYaLOed LQ VRPe deSWhV. The VSecLPeQV cRO-
OecWed fRU aQaO\VLV fRU AQhROW ZeUe BXOLPLQa PaUgLQa-
Wa (20 VSecLPeQV) aQd H\aOLQea baOWhLca (20), fRU 
RLVWLQge aQd ObU]\QRZR APPRQLa baWaYa (20) aQd 
EOShLdLXP cOaYaWXP (100). FRU Whe LVRWRSe PeaVXUe-
PeQWV, Whe VaPe aPRXQW Rf VSecLPeQV ZaV SLcNed. 
PULRU WR Whe SUacWLcaO ZRUN, Whe fRUaPLQLfeUaO aVVeP-
bOage daWa fURP Whe AQhROW VLWe ZaV aOVR WUaQVfeUUed 
fURP SaSeU cRSLeV LQWR a dLgLWaO fRUP.  

 
3.2 FRUDPLQLIHUD SLFNLQJ  
The VaPSOeV haYe SUeYLRXVO\ beeQ SUeSaUed aQd ZeW-

FLgXUe 1. A PaS Rf Whe VRXWhZeVWeUQ BaOWLc Sea aUea ZheUe aOO WhUee VWaWLRQV aUe PaUNed ZLWh a Ued V\PbRO (baVe PaS 
VRXUce, GeRPaSaSS). 
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VLeYed (UefeUeQceV LQ TabOe 1). IQ RUdeU WR XVe a VSecLf-
Lc VL]e UaQge fRU aQaO\VLV, aOO VaPSOeV ZeUe dULed 
VLeYed WhURXgh fRXU RU feZeU VLeYeV ZLWh dLffeUeQW fUac-
WLRQV, deSeQdLQg RQ Whe VWaWe Rf Whe VaPSOe. The VLeYeV 
ZeUe 125-250, 250-355, 355-500 aQd >500μP fUac-
WLRQV, LQ VRPe caVeV, Whe 500μP ZaV e[cOXded. The 
fUacWLRQV Rf VLeYed VaPSOeV fURP each VWaWLRQ ZeUe 
e[aPLQed XQdeU a OLghW PLcURVcRSe fRU VSecLfLc VSecLeV 
Rf fRUaPLQLfeUa. The fRUaPLQLfeUa ZeUe cROOecWed RQ 
VOLdeV VeSaUaWLQg Whe fUacWLRQV aQd VSecLeV. NR RWheU 
WhaQ Whe VeOecWed VSecLeV ZeUe SLcNed fRU Whe VWaWLRQV. 
The fRUaPLQLfeUa ZeUe WheUeafWeU caUefXOO\ cUXVhed 
beWZeeQ WZR gOaVV VOLdeV. 
 IPageV ZeUe RbWaLQed XVLQg Whe ScaQQLQg EOec-
WURQ MLcURVcRSe (SEM), PRdeO TeVcaQ MLUa3 ReVROX-
WLRQ SchRWWN\ fLeOd ePLVVLRQ-VcaQQLQg eOecWURQ PLcUR-
VcRSe (FE-SEM) aW LXQd UQLYeUVLW\. The VSecLPeQV 
ZeUe PRXQWed RQWR a caUbRQ WaSe aQd cRaWed ZLWh 6QP 
SOaWLQXP aQd SaOOadLXP. The hLgh UeVROXWLRQ ZaV ac-
TXLUed ZLWh bacNVcaWWeULQg.  

 
3.3 FRUDPLQLIHUDO MJ/CD FOHDQLQJ SUR-

FHGXUH  
The cOeaQLQg fROORZed Whe VWaQdaUd SURcedXUe LQ BaUN-
eU eW aO. (2003) PRdLfLed b\ GUReQeYeOd. The SURce-
dXUe ZaV cRQdXcWed aW Whe UQLYeUVLW\ Rf BUePeQ b\ 
P\VeOf ZLWh VXSSRUW aQd VXSeUYLVLRQ fURP JeUReQ 
GUReQeYeOd.  
 PUeSaUaWLRQ fRU each VaPSOe ZaV cRQdXcWed 
ZLWh Whe fROORZLQg VWeSV: Whe LQLWLaO cOeaQLQg fRU cOa\ 
UePRYaO, eQWaLOV aVVePbOLQg UacNV Rf 16 VaPSOeV (15 
VaPSOeV aQd RQe bOaQN) aQd UeSeaWedO\ VXbPeUgLQg 
WheP LQ a VRQLcaWRU baWh Rf ORZeVW LQWeQVLW\ a10% aQd 
ULQVed aOWeUQaWLQgO\ ZLWh SeUaOSXU (dLVWLOOed ZaWeU) aQd 
PeWhaQRO. FRU Whe UePRYaO Rf RUgaQLc PaWeULaO, Whe 
R[LdaWLYe cOeaQLQg LV LQYROYLQg H2O2 aQd NaOH VROX-
WLRQ. The UedXcWLYe cOeaQLQg UePRYeV PeWaO cRaWLQg 
aQd XVeV a bXffeU VROXWLRQ Rf Na aceWaWe, (NH2OH) HCO 
(h\dUR[\OaPLQe h\dURchORULde) aQd a 70ၨC baWh.  
 The ZaVhed VaPSOeV ZeUe WUaQVfeUUed WR QeZ 
YLaOV. The acLd OeachLQg VWeS fROORZed b\ addLQg 0.001 
M dLVWLOOed HNO3 WR Whe VaPSOeV aQd SURceeded ZLWh 
ULQVLQg, heUe Whe YROXPe Rf Whe VaPSOe ZaV eVWLPaWed 
befRUe Whe UeVW Rf Whe VROXWLRQ ZaV UePRYed. COeaQed 
beaNeUV ZeUe XVed fRU Whe VWeS Rf acLdLf\LQg fRU aQaO\-
VLV ZLWh addLQg 0.075 M HNO3 aQd e[SRVLQg Whe VaP-
SOeV fRU VRQLcaWLRQ baWh. The VaPSOeV ZeUe SOaced LQ a 

ceQWULfXge fRU 10 PLQ RQ 60USP WR VeWWOe Whe XQdLV-
VROYed SaUWLcOeV VR WhaW VeSaUaWLRQ Rf Whe VROXWLRQ 
ZRXOd be SRVVLbOe. AccRUdLQg WR Whe SUeYLRXVO\ eVWL-
PaWed YROXPe fRU each VaPSOe, Whe\ aUe OaWeU WUaQV-
feUUed WR beaNeUV ZLWh VXffLcLeQW aPRXQWV Rf SeUaOSXU. 
AfWeU WheVe VWeSV, Whe VaPSOeV aUe Uead\ fRU Whe WUace 
eOePeQWaO PeaVXUePeQWV.  

 
3.4 TUDFH HOHPHQW DQDO\VLV  
The WUace eOePeQW aQaO\VLV ZaV cRQdXcWed aW Whe 
MARUM- CeQWeU Rf MaULQe EQYLURQPeQWaO ScLeQceV, 
UQLYeUVLW\ Rf BUePeQ, GeUPaQ\. The PachLQe XVed 
fRU Whe aQaO\VLV ZaV aQ IQdXcWLYLW\ CRXSOed POaVPa 
OSWLcaO EPLVVLRQ SSecWURPeWU\ (ICP- OES), AgLOeQW 
TechQRORgLeV, 700 SeULeV, aOVR XVLQg PLcUR-QebXOLVeU 
aQd aQ aXWRVaPSOeU ASX-520 CeWac. The WUace eOe-
PeQWV Rf Ba, Mg aQd MQ, ZeUe SORWWed agaLQVW deSWh 
LQ GUaSheU.  
 FRU Mg/Ca WePSeUaWXUe caOLbUaWLRQV ZeUe aS-
SOLed RQ Whe Mg PeaVXUePeQWV aQd OaWeU SORWWed 
agaLQVW deSWh LQ GUaSheU. The Mg/Ca-WePSeUaWXUe caOL-
bUaWLRQV ePSOR\ed LQ WhLV SaSeU aUe SUeVeQWed LQ TabOe 
2. CaOLbUaWLRQ fRU E. cOaYaWXP LV UeSOaced ZLWh MeORQLV 
baUOeeaQXV, fRU a VePL-TXaQWLWaWLYe UeVXOW deULYed fURP 
PRdeUQ aUcWLc fRUaPLQLfeUa (KULVWMiQVdyWWLU eW aO. 
2007). AQRWheU caOLbUaWLRQ fRU E. cOaYaWXP haV beeQ 
eVWabOLVhed b\ BaUULeQWRV eW aO. (2018), bXW Whe WePSeU-
aWXUe VSaQ fRU WhaW caOLbUaWLRQ RQO\ cRYeUV -1.82 WR 0.3 
�C. 
 The e[SRQeQWLaO caOLbUaWLRQV fROORZ a baVLc 
fXQcWLRQ fRU WePSeUaWXUe caOcXOaWLRQ deVcULbed LQ WLW 
eW aO. 2012; Mg/Ca = a ā e(b∗T). The WePSeUaWXUe LV gLY-
eQ LQ CeOVLXV degUeeV, aQd Whe YaULabOeV aUe VSecLfLc fRU 
each VSecLeV. The YaULabOe “a” VWaQdV fRU UaWLR Mg/Ca 
aW 0 degUeeV aQd “b” VhRZV Whe LQcUeaVLQg WePSeUaWXUe 
(WLW eW aO. 2012). FRU eTXaWLRQ 2, 3 aQd 4, a WePSeUa-
WXUe eQYeORSe cRXOd be caOcXOaWed ZLWh Whe � YaOXeV.  
 HeUe bURad WePSeUaWXUe UaQgeV ZeUe XVed, fRU 
B. PaUgLQaWa, Whe WePSeUaWXUe UaQge ZaV 3-13ၨC baVed 
RQ GUXQeUW eW aO. (2018) caOLbUaWLRQ. FRU H. baOWhLca, 
Whe caOLbUaWLRQ WePSeUaWXUe UaQge LV ∼4�C±12�C 
(RRVeQWhaO eW aO. 2011). APPRQLa baWaYa WePSeUaWXUe 
UaQge WhaW Whe aSSOLed fRU Whe caOLbUaWLRQ LV fURP 10-
27ၨC (TR\RfXNX eW aO. 2011) aQd fRU E. cOaYaWXP ZheUe 
M. baUOeeaQXV ZaV XVed Whe UaQge LV ≤ 4ၨC (0-7ၨC) 
(KULVWMiQVdyWWLU eW aO. 2007).  
 The YaOXeV ZeUe VWaWLVWLcaOO\ WeVWed fRU VLgQLfL-

Source Species Expression Equation T (ၨC) 
Toyofuku 
et al. (2011) 

APPRQLa bec-
caULL fRU APPR-
QLa baWaYa 

T= 18.8*OQ (1.74* Mg/Ca) 1 T=18.8*OQ (1.74* Mg/Ca) 

Kristjánsd
óttir et al. 
(2007) 

EOShLdLXP 
cOaYaWXP LV 
UeSOaced ZLWh 
MeORQLV baUOee-

Mg/Ca = 0.658 (� 0.07) * 
e[S 0.137 (� 0.020) * T 

2 T= OQ (Mg/Ca /0.658) /0.137 

Grunert et BXOLPLQa PaU- Mg/Ca = 0.114 (�0.012) T + 3 T= (Mg/Ca - 0.938) /0.114 

Rosenthal H\aOLQea baOWhL- Mg/Ca = (0.520 �0.036) 4 T= (Mg/Ca+0.307) /0.520 

TabOe 2. The aVVePbOed WePSeUaWXUe caOLbUaWLRQ caOcXOaWLRQV XVed RQ VSecLfLc VSecLeV. The RULgLQaOV caOcXOaWLRQV haYe beeQ 
SURYLded aV ZeOO aV Whe RQeV XVed LQ WePSeUaWXUe caOcXOaWLRQV SUeVeQWed LQ WhLV WheVLV.  
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caQW WUeQdV, ZLWh a MaQQ- KeQdaOO WeVW LQ Whe PAST 
VRfWZaUe. A S-YaOXe Rf a WeVWed WUeQd OeVVeU WhaQ 0.05 
(AgaUZaO 2006) UeQdeUed aV a VLgQLfLcaQW WUeQd ZLWh 
eLWheU SRVLWLYe RU QegaWLYe dLUecWLRQ.  

 
3.5 SWDEOH R[\JHQ DQG FDUERQ LVRWRSH 

DQDO\VLV  
The δ18O aQd δ13C LVRWRSe PeaVXUePeQWV ZeUe SeU-
fRUPed RQ 30 VaPSOeV fURP Whe ObU]\QRZR, PROaQd 
VLWe. The LQVWUXPeQWV XVed ZeUe a TheUPR FLVheU ScL-
eQWLfLc 253SOXV gaV LVRWRSe UaWLR PaVV VSecWURPeWeU 
(IRMS) ZLWh KLeO IV aXWRPaWed caUbRQaWe SUeSaUaWLRQ 
deYLce aW MARUM, BUePeQ UQLYeUVLW\, GeUPaQ\. 
The VaPSOeV aQaO\Ved fRU VWabOe LVRWRSeV ZeUe Rf 125- 
250 �P fUacWLRQ aQd cRQVLVWed Rf LQdLYLdXaO VSecLPeQV 
UaQgLQg beWZeeQ aQ aPRXQW Rf 6-13 fRU A. baWaYa aQd 
19-21 fRU E. cOaYaWXP. The VWaQdaUd deYLaWLRQ (S.D.) 
Rf hRXVe VWaQdaUd (SROQhRfeQ OLPeVWRQe) RYeU Whe 
PeaVXUePeQW SeULRd ZaV 0.03Å fRU δ 13C aQd 0.07Å 
fRU δ18O. The QRWaWLRQ fRU PeaVXUed UeVXOWV LV gLYeQ LQ 
V-PDB.  

 
3.6 MRGHUQ K\GURJUDSKLF PHDVXUH-

PHQWV RI WKH ORFDWLRQV  
IQVWUXPeQWaO daWa fURP Whe WhUee VWaWLRQV (SUR[LPLW\) 
ZeUe acTXLUed fURP Whe BaOWLc NeVW IQVWLWXWe, SWRcN-
hROP UQLYeUVLW\ BaOWLc Sea CeQWUe. The daWa SURYLdeV 
LQfRUPaWLRQ abRXW Whe PRdeUQ h\dURgUaShLc VeWWLQgV Rf 
Whe VWaWLRQV dLVcXVVed LQ WhLV WheVLV. The PeaVXUePeQWV 
ZeUe deULYed fURP Whe VWUeWched aUeaV (FLgXUe 2) LQ Whe 
YLcLQLW\ WR Whe ORcaWLRQV, aQd Whe daWa XVed fRU Whe fLg-
XUeV UaQge fURP 1949-2019, UecRUdLQg 70 \eaUV Rf WeP-
SeUaWXUe, VaOLQLW\, aQd WRWaO R[\geQ VaPSOLQg. FRU WhLV 
WheVLV, a deSWh UaQge haV beeQ chRVeQ fRU each VWaWLRQ, 
LQdLcaWLQg Whe bRWWRP ZaWeU deSWh cRUUeVSRQdLQg WR 
WhaW LQ Whe EePLaQ LQ Whe VaPe aUea. The PeaQ deSWh Rf 
AQhROW LV 30.1 P (20.8 WR 40 P), RLVWLQge LV 21.8 P (15 
WR 29.5 P) aQd ObU]\QRZR LV 30.1 P (20.8 WR 40 P). 

The LQVWUXPeQWaO daWa haV beeQ SORWWed LQ bR[ aQd 
ZhLVNeUV gUaShV ZLWh PRQWh cRRUdLQaWed daWa VhRZLQg 
a VeaVRQaO VSUead Rf 70 \eaUV.  

 
3.7 AJH PRGHO IRU EHPLDQ  
The cRUUeOaWLRQ Rf WLPe VcaOe VeeQ fRU Whe fLgXUeV ZaV 
baVed RQ FXQdeU eW aO. (2002) aQd Whe VaPSOeV RULgLQaO 
UefeUeQceV (WabOe 1). MLeWWLQeQ eW aO. (2014) eQabOed a 
cRUUeOaWLRQ beWZeeQ 750 \eaUV afWeU Whe begLQQLQg Rf 
Whe LQWeUgOacLaO cRUUeVSRQdLQg WR c. 130 Na B.P. ZhLch 
LV aOVR cRQQecWed WR Whe hLgh-OeYeO VWaQd. The hLgh-
OeYeO VWaQd Rf Whe eaVWeUQ BaOWLc Sea had a dXUaWLRQ Rf 
6000 \eaUV (MLeWWLQeQ eW aO. 2014). SWXdLeV fURP Whe 
GUeeQOaQd Lce YROXPe LQ RRhOLQg eW aO. (2019) LQdLcaWe 
Whe aYeUage Vea OeYeO dXULQg Whe OaVW LQWeUgOacLaO WR 
haYe beeQ hLgheU WhaQ LQ Whe SUeVeQW aQd dXULQg 129- 
125 Na B.P. Vea OeYeO hLgh VWaQd RccXUUed, ZheUeaV 
125- 124 Na B.P. a Vea OeYeO dURS ZaV UecRUded ZLWh a 
ORZ VWaQd dXULQg WhaW WLPe. The AQhROW VWaWLRQ ZaV 
RULgLQaOO\ aVVLgQed VeYeQ ]RQeV, WhUee Rf WhRVe ZeUe 
aSSOLed LQ WhLV WheVLV (E, F aQd G). ZRQe E LV beOLeYed 
WR be Whe SaaOLaQ/EePLaQ bRXQdaU\, PaUNed ZLWh LVR-
WRSe VWage 6, aW c.130 Na B.P. ZRQe F, ZLWh LVRWRSe 
eYeQW 5.53 aW c 129-124 Na B.P.. ZRQe G OLeV beWZeeQ 
5.53 aQd 5.51 eVWLPaWed Whe age beWZeeQ 124 Na B.P. 
aQd 118 Na B.P. ThLV WLPeVSaQ UeSUeVeQWV Whe WUaQVLWLRQ 
fURP LVRWRSe VWage 6, OaWe SaaOLaQ (135 Na B.P.) WR Whe 
LVRWRSe VXbVWage 5e, aVVLgQed WR Whe EePLaQ LQWeUgOa-
cLaO (MaUWLQVRQ eW aO. 1987;  SeLdeQNUaQW] 1993a). UQ-
fRUWXQaWeO\, Whe UeVROXWLRQ Rf VaPSOeV LQYeVWLgaWed LQ 
WhLV WheVLV ZaV QRW UeachLQg WhaW SaaOLaQ VWage aQd LV, 
WheUefRUe, RXWVLde Whe VcRSe Rf WhLV WheVLV. ThLV cRUUeOa-
WLRQ Rf Whe WZR VWaWLRQV (RLVWLQge aQd ObU]\QRZR) caQ 
be cRQQecWed WR Whe bRWWRP SaUW Rf Whe VXcceVVLRQ LQ 
AQhROW aV WheUe LV a cRUUeVSRQdeQce Rf 130 Na B.P WR 
750 \eaUV RQ Whe fORaWLQg VcaOe. IW LV aVVXPed WhaW 124 
Na B.P. RccXUUed 6000 \eaUV OaWeU (MLeWWLQeQ eW aO. 
2014). 

FLgXUe 2: A PaS deULYed fURP BaOWLc NeVW IQVWLWXWe, SWRcNhROP UQLYeUVLW\ BaOWLc Sea CeQWUe. The PaUNed cLUcOeV UeSUeVeQW 
Whe aUea XVed fRU acTXLULQg LQVWUXPeQWaO h\dURgUaShLc PeaVXUePeQWV fRU AQhROW, RLVWLQge aQd ObU]\QRZR beWZeeQ 1949 aQd 
2019.  
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4  RHVXOWV 
 
4.1 IQWURGXFWLRQ WR WKH WUDFH HOHPHQWDO 

DQDO\VLV DQG RWKHU UHVXOWV  
HeUe I SUeVeQW Whe UeVXOWV Rf Whe WUace eOePeQWaO aQaO\-
VLV deULYed fURP fRUaPLQLfeUa VaPSOed aW Whe WhUee VWa-
WLRQV. The RXWOLQe LV aV fROORZV, VWaUWLQg ZLWh WUace eOe-
PeQWaO daWa ZLWh UeSUeVeQWaWLYe SEM LPageV Rf fRUaP-
LQLfeUa, Whe TXaQWLWaWLYe WePSeUaWXUe UecRQVWUXcWLRQ aQd 
PRdeUQ-da\ VeaVRQaO h\dURgUaSh\.  
 FURP Whe WhUee VLWeV: 60 VaPSOeV LQ AQhROW, 107 
LQ RLVWLQge aQd 77 LQ ObU]\QRZR ZeUe VXcceVVfXOO\ 
aQaO\Ved (ASSeQdL[ 1). A feZ VaPSOeV ZeUe dLVcaUded 
fURP Whe aQaO\VLV, aV Whe\ dLd QRW Ueach Whe RSWLPXP 
ZeLghW UaQge, PeaQLQg Whe\ dLd QRW cRQWaLQ a VXffLcLeQW 
aPRXQW Rf PaWeULaO LQ Whe VaPSOe WhaW cRQVeTXeQWO\ 
UeQdeUed bLaVed UeVXOWV. 
 DXSOLcaWe VaPSOeV ZeUe aYeUaged, aQd VWaQdaUd 
deYLaWLRQV ZeUe caOcXOaWed, VhRZLQg aQ RffVeW WhaW caQ 
be aSSOLed WR Whe RWheU VaPSOeV. AOO WUeQdV deULYed 
fURP Whe daWa haYe beeQ WeVWed XVLQg Whe MaQQ-
KeQdaOO WeVW, fRU WUeQd dLUecWLRQ aQd VLgQLfLcaQce 
(TabOe 3). IW VhRXOd aOVR be QRWed WhaW Whe daWa RQO\ 
UeVXOWed LQ VL[ VLgQLfLcaQW WUeQdV RXW Rf Whe 27 VSecLeV-
VSecLfLc UeVXOWV.  

 

4.2 AQKROW, KDWWHJDW 
SEM plate for Anholt  
A SOaWe ZaV cRPSRVed fRU Whe AQhROW VWaWLRQ (FLgXUe 
3) UeSUeVeQWLQg Whe fRUaPLQLfeUaO VSecLeV WhaW aUe cRQ-
VLdeUed fRU WUace eOePeQWaO aQaO\VLV.  
 

Locality and 
species  

Mg/Ca Ba/Ca Temp.   
δ18O 

Anholt,  
B. maUginaWa 

  S:33 
S: 
0.0011 

    

Ristinge,  
A. baWaYa 

S:98 
S: 0.00164 

S:-142 
S: 4.77 
*10-06 

S:95 
S: 
0.0010
0 

  

Obrzynowo, 
A. baWaYa 

  S:33 
S: 
0.0011 

    

Obrzynowo, 
E. claYaWXm 

      S:-40 
S: 
0.0324
96 

TabOe 3. ThLV WabOe SUeVeQWV Whe UeVXOWV Rf Whe MaQQ-KeQdaOO 
WeVW Rf WUeQdV VeeQ LQ Whe daWa. OQO\ Whe VLgQLfLcaQW WUeQdV aUe 
LQcOXded. The V- YaOXeV LQdLcaWe Whe WUeQdV aQd S- YaOXeV 
VhRZV Whe VLgQLfLcaQce Lf < 0.05.  

FLgXUe 3: FRUaPLQLfeUa VSecLeV fURP AQhROW, a-b) UeSUeVeQWV H\aOLQea baOWhLca aQd c-d) BXOLPLQa PaUgLQaWa, acTXLUed XVLQg 
Whe SEM aW LXQd UQLYeUVLW\. 
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4.2.1 TUDFH HOHPHQWDO GDWD 
4.2.1.1 Mg/Ca and paleotemperature  
The Mg/Ca (FLgXUe 4) UaQged beWZeeQ 1.67- 2.07 
PPRO/PRO fRU B. PaUgLQaWa aQd 3.81- 4.53 PPRO/PRO 
fRU H. baOWhLca, a cRQVLdeUabOe dLffeUeQce caQ be VeeQ 
beWZeeQ Whe WZR VLQce H. baOWhLca had hLgheU UaWLRV 
WhaQ B. PaUgLQaWa (TabOe 3, ASSeQdL[ 1). 
 The caOcXOaWed WePSeUaWXUe UaQge LQ AQhROW ZaV 
beWZeeQ 6.4-9.9ၨC, ZLWh aQ aYeUage WePSeUaWXUe Rf 
8.2ၨC fRU B. PaUgLQaWa. H\aOLQea baOWhLca WePSeUa-
WXUeV UaQge beWZeeQ 7.9-9.3ၨC ZLWh aQ aYeUage Rf 
8.5ၨC (FLgXUe 13a). NR VLgQLfLcaQW WUeQdV ZeUe UecRUd-
ed. 

 

4.2.1.1 Ba/Ca and Mn/Ca  
The Ba/Ca (FLgXUe 4) UaQged beWZeeQ 0.93-3.93 
�PRO/PRO fRU B. PaUgLQaWa, 5.35- 10.24 �PRO/PRO fRU 
H. baOWhLca aQd Whe YaOXeV VhRZ a SRVLWLYe WUeQd fRU B. 
PaUgLQaWa, ZheUeaV WheUe ZaV QR VLgQLfLcaQW WUeQd fRU 
H. baOWhLca (TabOe 3, ASSeQdL[ 1).  
 The MQ/Ca (FLgXUe 4) UaQged beWZeeQ 0.063-
0.10 PPRO/PRO fRU B. PaUgLQaWa aQd 0.35- 0.66 
PPRO/PRO fRU H. baOWhLca. H\aOLQea baOWhLca VhRZed 
QR VLgQLfLcaQW WUeQdV fRU WhLV eOePeQW, bXW LW fROORZV a 
“]Lg-]ag” SaWWeUQ Rf RVcLOOaWLRQV LQ cRQWUaVW WR Whe 
“VWUaLghWeU” SaWWeUQ Rf B. PaUgLQaWa (ASSeQdL[ 1). 

 
4.2.2 MRGHUQ K\GURJUDSK\ LQ AQKROW  

FLgXUe 4. TUace eOePeQW PeaVXUePeQWV fRU AQhROW. The eOePeQWV SUeVeQWed LQ Whe fLgXUe aUe Ba/Ca, Mg/Ca aQd MQ/Ca. The 
WLPeVcaOe haV beeQ cRUUeOaWed accRUdLQg WR SeLdeQNUaQW] (1993a), LQ WhRXVaQdV \eaUV B.P.  

The PRdeUQ h\dURgUaShLc VeWWLQgV fRU Whe AQhROW 
aUea LV VhRZQ LQ fLgXUe 5. The PRdeUQ daWa LOOXVWUaWeV 
Whe VeaVRQaO YaULabLOLW\ LQ h\dURgUaShLc SaUaPeWeUV 
aW a deSWh Rf 30.1 P, cORVeO\ cRUUeVSRQdLQg WR Whe 
aVVXPed bRWWRP ZaWeU deSWh dXULQg Whe EePLaQ. 
TePSeUaWXUeV ZeUe dLVWLQcWLYeO\ hLgheU (UaQged 
beWZeeQ 5.4 aQd 13.3ၨC) dXULQg Whe VSULQg-VXPPeU 
PRQWhV (ASULO-SeSWePbeU), aQd ORZeU YaULabLOLW\ 
dXULQg Whe aXWXPQ-ZLQWeU SeULRd (UaQgLQg fURP 5.3 WR 
12.3ၨC LQ OcWRbeU- MaUch) (FLgXUe 5a). The VaOLQLW\ 

LQ AQhROW dLVSOa\ed a cRQVLdeUabOe YaULabLOLW\ beWZeeQ 
29.6 WR 32.7 (FLgXUe 5b). The R[\geQ OeYeOV VhRZed a 
VLPLOaU SaWWeUQ, ZLWh Whe ORZeVW dLVVROYed R[\geQ [O2] 
(a4.6 PO/O) dXULQg AXgXVW- NRYePbeU (FLgXUe 5c). IW LV 
LPSRUWaQW WR QRWe WhaW AQhROW had cRQVLdeUabO\ feZeU 
daWa SRLQWV WhaQ RLVWLQge aQd ObU]\QRZR. The PR-
deUQ-da\ R[\geQ cRQceQWUaWLRQV LQ AQhROW haYe QRW 
Ueached h\SR[Lc cRQdLWLRQV. 
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FLgXUe 5. The PRdeUQ h\dURgUaShLc VeWWLQgV fRU AQhROW VhRZV Whe VeaVRQaO YaULabLOLW\ beWZeeQ 1949 aQd 2019. The gUaSh a-c 
UeSUeVeQWV WePSeUaWXUe (ၨC), VaOLQLW\ (PSU) aQd dLVVROYed R[\geQ cRQceQWUaWLRQ (PO/O), UeVSecWLYeO\. FRU AQhROW, QR daWa ZaV 
UecRUded LQ DecePbeU. The daWa ZaV acTXLUed fURP Whe BaOWLc NeVW IQVWLWXWe, SWRcNhROP UQLYeUVLW\ BaOWLc Sea CeQWUe, 2020. 

4.3 RLVWLQJH, WKH DDQLVK SWUDLWV  
SEM plate for Ristinge 

FLgXUe 6: FRUaPLQLfeUa VSecLeV fURP RLVWLQge, a-b) aQd c-d) UeSUeVeQWV A. baWaYa ZLWh a YLeZ RQ Whe VSLUaO aQd XPbLOLcaO VLde, 
UeVSecWLYeO\. PLcWXUeV e-f) VhRZ E. cOaYaWXP, acTXLUed b\ SEM aW LXQd UQLYeUVLW\.  

TZR VSecLeV (A. baWaYa aQd E. cOaYaWa) ZeUe aQaO\Ved 
aW Whe RLVWLQge VWaWLRQ LQ Whe DaQLVh SWUaLWV (FLgXUe 6). 
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FLgXUe 7. TUace eOePeQW PeaVXUePeQWV fRU RLVWLQge. The eOePeQWV SUeVeQWed LQ Whe fLgXUe aUe Ba/Ca, Mg/Ca, aQd MQ/Ca. The 
WLPeVcaOe fROORZV  KQXdVeQ eW aO. (2011), \eaUV afWeU Whe cRPPeQcePeQW Rf Whe EePLaQ.  

 4.3.1 TUDFH HOHPHQWDO GDWD 
 

4.3.1.1 Mg/Ca and paleotemperature  
The YaOXeV fRU bRWh VSecLeV ZeUe ZLWhLQ a cORVe 
UaQge Rf each RWheU (FLgXUe 7). Mg/Ca UaQged be-
WZeeQ 0.36- 1.23 PPRO/PRO fRU A. baWaYa aQd 0.93- 
1.25 PPRO/PRO fRU E. cOaYaWXP. TheUe LV a VLgQLfL-
caQW SRVLWLYe WUeQd fRU A. baWaYa WhURXgh Whe ZhROe 
VXcceVVLRQ aOWhRXgh aW 33 aQd 136 cP a dLYeUgeQce 
RccXUV. OQe VaPSOe (D2 aW 18cP) ZaV e[cOXded fURP 
fXUWheU aQaO\VeV dXe WR aQ LQVXffLcLeQW aPRXQW Rf 
PaWeULaO LQ Whe VaPSOe (TabOe 3, ASSeQdL[ 1).  
 IQ RLVWLQge Whe caOcXOaWed WePSeUaWXUeV fRU A. 
baWaYa UaQged fURP 4.0 WR 12.7ၨC ZLWh aQ aYeUage Rf 
8.9ၨC, aQd fRU E. cOaYaWXP, Whe WePSeUaWXUe UaQged 
fURP 2.4-7.1ၨC ZLWh aQ aYeUage Rf 4.1ၨC. The WeP-
SeUaWXUeV LQ Whe VaPSOeV fURP RLVWLQge VhRZed a 
SRVLWLYe WUeQd fRU A. baWaYa aQd QR WUeQd fRU E. 
cOaYaWXP. NRWabOe LV Whe WePSeUaWXUeV dLffeUeQce 
beWZeeQ Whe WZR VSecLeV. The VaPSOeV LQ RLVWLQge 
haYe a feZ RXWOLeUV aW 166, 136 aQd 54 cP deSWh. The 
RXWOLeU VaPSOe C13 (deSWh 136 cP, ZLWh a WePSeUa-
WXUe Rf 7.9ၨC) haV beeQ dLVcaUded fURP Whe fLgXUeV 
bXW LV LQcOXded LQ Whe WabOe. SLPLOaUO\, VaPSOe D2 

(ZLWh a WePSeUaWXUe Rf 8.3ၨC) haV beeQ e[cOXded fURP 
aQaO\VLV (TabOe 3, ASSeQdL[ 1). The e[cOXVLRQ LV dXe 
WR WheP QRW UeachLQg Whe RSWLPaO UaQge Rf Ca cRQceQ-
WUaWLRQ (<5-10 SSP) Rf Whe aQaO\VLV.  

4.3.1.2 Ba/Ca and Mn/Ca  
The Ba/Ca (FLgXUe 7) UaQged beWZeeQ 4.77- 18.55 
�PRO/PRO fRU A. baWaYa, VhRZLQg a VLgQLfLcaQW decUea-
VLQg WUeQd ZhLch ZaV VeeQ beWZeeQ 6.70- 19.04 
�PRO/PRO fRU E. cOaYaWXP (TabOe 3, ASSeQdL[ 1). The 
MQ/Ca (FLgXUe 7) UaQged beWZeeQ 0.23-0.45 
PPRO/PRO fRU A. baWaYa aQd 0.08-0.24 PPRO/PRO fRU 
E. cOaYaWXP aQd VhRZed QR VLgQLfLcaQW WUeQdV 
(ASSeQdL[ 1)  
 
 4.3.2 MRGHUQ K\GURJUDSK\ LQ RLVWLQJH  
The PRdeUQ h\dURgUaShLc VeWWLQgV fRU Whe RLVWLQge 
aUea aUe VhRZQ LQ fLgXUe 8. The daWa deULYed aW aQ aYeU-
age ZaWeU deSWh Rf 21.8 P ZhLch cRUUeVSRQdV WR Whe 
aVVXPed ZaWeU deSWh dXULQg Whe EePLaQ aW WhLV ORca-
WLRQ. TheUe ZaV a PaUNed VeaVRQaOLW\ LQ Whe WePSeUa-
WXUe (UaQgLQg beWZeeQ 4.5 WR 13.4ၨC) aQd Whe dLVVROYed 
R[\geQ cRQceQWUaWLRQ, UaQgLQg beWZeeQ 3.3 aQd 
7.8PO/O. The SORWWed VaOLQLW\ LV VXbVWaQWLaOO\ aQaORgRXV, 
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VWa\LQg ZLWhLQ Whe UaQge Rf 19.1-21.8 (FLgXUe 8b). The 
R[\geQ OeYeOV dLVSOa\ed a VLPLOaU SaWWeUQ, aOWhRXgh LW 
ZaV aOVR Whe RSSRVLWe Rf Whe WePSeUaWXUe (FLgXUe 8c). 

IQ WhLV VWaWLRQ, R[\geQ OeYeOV ZeUe cORVeU WR Ueach h\-
SR[Lc cRQdLWLRQV.  

FLgXUe 8. The PRdeUQ h\dURgUaShLc VeWWLQgV fRU RLVWLQge VhRZV Whe VeaVRQaO YaULabLOLW\ beWZeeQ 1949 aQd 2019. The gUaSh a-c 
UeSUeVeQWV WePSeUaWXUe (ၨC), VaOLQLW\ (PSU) aQd dLVVROYed R[\geQ cRQceQWUaWLRQ (PO/O), UeVSecWLYeO\. The daWa ZaV acTXLUed fURP 
Whe BaOWLc NeVW IQVWLWXWe, SWRcNhROP UQLYeUVLW\ BaOWLc Sea CeQWUe, 2020.  

4.4 OEU]\QRZR, WKH BDOWLF PURSHU  
SEM plate for Obr]\noZo 

A SOaWe ZaV cRPSRVed fRU Whe ObU]\QRZR VWaWLRQ 
(FLgXUe 9) UeSUeVeQWLQg Whe fRUaPLQLfeUaO VSecLeV (A. 

FLgXUe 9: FRUaPLQLfeUa VSecLeV fURP ObU]\QRZR, a-b) aQd c-d UeSUeVeQWV A. baWaYa ZLWh a YLeZ RQ VSLUaO aQd XPbLOLcaO VLde, 
UeVSecWLYeO\. PLcWXUeV e-f VhRZ E. cOaYaWXP, acTXLUed b\ SEM aW LXQd UQLYeUVLW\.  
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baWaYa aQd E. cOaYaWXP) cRQVLdeUed fRU Whe WUace eOe-
PeQWaO aQd Whe VWabOe LVRWRSe aQaO\VLV. 

4.4.1 TUDFH HOHPHQWDO GDWD 
 

4.4.1.1 Mg/Ca and paleotemperature  
The Mg/Ca (FLgXUe 10) VaPSOeV, UaQged beWZeeQ 0.99-
1.30 PPRO/PRO fRU A. baWaYa, aQd 1.08- 1.56 
PPRO/PRO fRU E. cOaYaWXP. OQe VaPSOe ZaV dLVcaUded 
fURP Whe aQaO\VLV LQ ObU]\QRZR (E10 aW 109.76 cP) 
becaXVe Rf LQVXffLcLeQW aPRXQW Rf PaWeULaO aYaLOabOe LQ 
Whe VaPSOe. 
 The WePSeUaWXUe UecRQVWUXcWLRQ LQ ObU]\QRZR 
VhRZ WhaW Whe WePSeUaWXUeV caOcXOaWed XVLQg A. baWaYa 
UaQged beWZeeQ 10.3-15.7ၨC ZLWh aQ aYeUage Rf 12.2ၨC 
aQd fRU E. cOaYaWXP 3.6- 6.2ၨC ZLWh aQ aYeUage Rf 
4.2ၨC. NR VLgQLfLcaQW WUeQdV ZeUe UecRUded. SaPSOe 
E10 VhRZed a OaUge dLYeUgeQce (ZLWh a WePSeUaWXUe Rf 
51.43ၨC) fURP Whe UeVW Rf Whe YaOXeV aQd haV WhXV beeQ 
dLVcaUded fURP Whe fLgXUeV bXW LV LQcOXded LQ Whe WabOe. 
The UeaVRQ fRU dLYeUgeQce fURP RWheU YaOXeV ZaV SURb-
abO\ dXe WR Whe ORZ Ca cRQceQWUaWLRQ, ZhLch ZaV be-
ORZ aQ RSWLPXP UaQge fRU aQaO\VLV (TabOe 3, ASSeQdL[ 
1).  

 
4.3.1.2 Ba/Ca and Mn/Ca  
The Ba/Ca (FLgXUe 10) UaQged beWZeeQ 3.52- 8.55 
�PRO/PRO fRU A. baWaYa aQd 8.52- 14.11 �PRO/PRO fRU 
E. cOaYaWXP. APPRQLa baWaYa VhRZed a VLgQLfLcaQWO\ 
LQcUeaVLQg WUeQd XSZaUdV LQ Whe VXcceVVLRQ, aOWhRXgh a 
decUeaVe LV QRWed LQ Whe WRSPRVW VecWLRQ.  
 The MQ/Ca (FLgXUe 10) UaQged beWZeeQ, 0.17- 
0.32 PPRO/PRO fRU A. baWaYa aQd 0.10- 0.19 
PPRO/PRO fRU E. cOaYaWXP, ZLWh QR VLgQLfLcaQW WUeQd 
fRU WhLV eOePeQW. The daWa fURP Whe WZR VSecLeV aUe LQ 
cORVe UaQge Rf each RWheU.  

 
4.4.2 SWDEOH R[\JHQ DQG FDUERQ LVRWRSH  
The UeVXOWV Rf Whe VWabOe LVRWRSe PeaVXUePeQWV Rf R[\-
geQ aQd caUbRQ fRU Whe WZR VSecLeV aW Whe ObU]\QRZR 
VLWe LV SUeVeQWed LQ fLgXUe 10. DaWa ZaV VXcceVVfXOO\ 
geQeUaWed fURP 60 VaPSOeV. The UaQge fRU δ13C ZaV 
beWZeeQ -0.79Å WR -3.36Å fRU A. baWaYa, ZheUeaV Whe 
UaQge fRU E. cOaYaWXP ZaV -1.45Å WR -4.13Å. NR VLg-
QLfLcaQW WUeQdV ZeUe UecRUded fRU δ13C. FRU Whe R[\geQ 
LVRWRSe, δ18O, Whe UaQge ZaV  
-4.55Å WR -5.93Å fRU A. baWaYa aQd -1.91Å WR -
3.71Å fRU E. cOaYaWXP WhaW haV a VLgQLfLcaQWO\ Qega-
WLYe WUeQd (TabOe 3, ASSeQdL[ 2).  

 
4.4.3 MRGHUQ K\GURJUDSK\ LQ OEU]\QRZR  
The PRdeUQ h\dURgUaShLc VeWWLQgV ObU]\QRZR aUea LV 
VhRZQ LQ fLgXUe 11. The daWa ZaV fURP 30.1 P ZaWeU 
deSWh, ZhLch cORVeO\ cRUUeVSRQded WR Whe aVVXPed 
ZaWeU deSWh dXULQg Whe EePLaQ aW WhLV ORcaWLRQ. The 
WePSeUaWXUeV UaQged beWZeeQ 2.2 WR 12.2ၨC WhURXghRXW 
Whe \eaU, ZLWh a ORZeU WePSeUaWXUe aYeUage (a7.3ၨC) LQ 
Whe aXWXPQ-ZLQWeU PRQWhV WhaQ LQ Whe VSULQg-VXPPeU 
(a5.8ၨC). The VaOLQLW\ ZaV VXbVWaQWLaOO\ aQaORgRXV, 
VWa\LQg ZLWhLQ Whe UaQge Rf 7.5- 7.7. The dLVVROYed 
R[\geQ [O2] UaQged fURP 6.7 WR 9.3 PO/O aQd dLVSOa\ed 
Whe RSSRVLWe WR WePSeUaWXUe fOXcWXaWLRQV WhURXghRXW Whe 
\eaU, aQd ZLWh a VPaOOeU aPSOLWXde. AOWhRXgh a VeaVRQ-
aO SaWWeUQ caQ be VeeQ LQ Whe R[\geQ OeYeOV, Whe bRWWRP 

VhRZV ZeOO-R[\geQaWed cRQdLWLRQV.  

FLgXUe 10. ThLV fLgXUe UeSUeVeQWV WUace eOePeQW aQd LVRWRSeV 
PeaVXUePeQWV fRU ObU]\QRZR. The eOePeQWV SUeVeQWed LQ 
Whe fLgXUe aUe Ba/Ca, Mg/Ca, aQd MQ/Ca. The WLPeVcaOe 
fROORZV  KQXdVeQ eW aO. (2011), \eaUV afWeU Whe cRPPeQce Rf 
Whe EePLaQ. The R[\geQ aQd caUbRQ LVRWRSeV YaOXeV fURP 
ObU]\QRZR VhRZ YaOXeV fRU A. baWaYa aQd E. cOaYaWXP.  
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5 DLVcXVVLRQ 
HeUe Whe PXOWL-SUR[\ aSSURach ZLWh WUace eOePeQWaO 
aQd VWabOe LVRWRSLc WUeQdV aUe dLVcXVVed, Whe RXWOLQe 
fROORZV WhaW Rf Whe UeVXOWV aQd LQcOXdeV aOO WhUee VWa-
WLRQV. The daWa (Vee UeVXOWV) LV aOVR dLVcXVVed ZLWh cRQ-
VLdeUaWLRQ WR Whe PRdeUQ h\dURgUaShLc PeaVXUePeQWV 
WR \LeOd a SRVVLbOe VeaVRQaO cRQQecWLRQ WR Whe geR-
chePLVWU\ VhRZQ b\ Whe fRUaPLQLfeUaO aQaO\VLV. MRUeR-
YeU, Whe XQdeUVWaQdLQg Rf fRUaPLQLfeUaO VSecLfLc eQYL-
URQPeQWaO UeTXLUePeQWV gLYeV aQ LQVLghW LQWR Whe LQWeU-
SUeWaWLRQV. 

 The UeVXOWV ZeUe aVVeVVed ZLWh Whe XQdeUO\LQg 
aVVXPSWLRQV fROORZLQg Whe WePSeUaWXUe caOLbUaWLRQ WhaW 
ZeUe deYeORSed XVLQg UeceQW fRUaPLQLfeUaO cRUe-WRS 
daWa. The UeVXOWV aUe TXaQWLWaWLYe aQd baVed RQ VSecLeV-
VSecLfLc caOLbUaWLRQV e[ceSW fRU E. cOaYaWXP, ZheUe a 
VSecLeV-VSecLfLc eTXaWLRQ LV OacNLQg, aQd Whe daWa 
VhRXOd be UegaUded aV VePL-TXaQWLWaWLYe. The daWa LV 
baVed RQ beQWhLc fRUaPLQLfeUa ZhLch UeSUeVeQWV Whe 
bRWWRP-ZaWeU eQYLURQPeQW aQd Whe UecRQVWUXcWed 
EePLaQ Vea-OeYeO aW Whe ORcaWLRQV Rf Whe VWaWLRQV (TabOe 
1). 

FLgXUe 11. The PRdeUQ h\dURgUaShLc VeWWLQgV fRU ObU]\QRZR dePRQVWUaWLQg Whe VeaVRQaO YaULabLOLW\. The gUaSh a-c UeSUeVeQWV 
WePSeUaWXUe (ၨC), VaOLQLW\ (PSU) aQd dLVVROYed R[\geQ cRQceQWUaWLRQ (PO/O), UeVSecWLYeO\. The daWa fURP 1949 aQd 2019 ZeUe 
acTXLUed fURP Whe BaOWLc NeVW IQVWLWXWe, SWRcNhROP UQLYeUVLW\ BaOWLc Sea CeQWUe, 2020.  

TabOe 4. The YaOXeV UeSUeVeQW a cRPSaULVRQ Rf WUace eOePeQW UaWLRV (/Ca) fRU Ba, Mg aQd MQ fURP Whe UeVXOW VecWLRQ aQd cRPSa-
UabOe PRdeUQ WUace eOePeQW YaOXeV (aYeUage) fURP GUReQeYeOd eW aO. (2018) SeU VSecLeV fRU Whe VaOLQLW\ gUadLeQW Rf SUeVeQW KaWWe-
gaW WR Whe PRUe bUacNLVh eQYLURQPeQW LQ HaQ| Ba\ (BaOWLc), aQd a cRUUeVSRQdLQg WePSeUaWXUe Rf 9.6ၨC aQd 5.0ၨC UeVSecWLYeO\. 
The H. baOWhLca daWa ZaV acTXLUed fURP RRVeQWhaO eW aO. (2011), LQ aQ aYeUage WePSeUaWXUe Rf 12.4ၨC, baVed RQ daWa fURP N.E. 
AWOaQWLc. The WabOe aOVR LQcOXdeV Whe PRdeUQ h\dURgUaShLc WePSeUaWXUe UaQge fURP BaOWLc NeVW, fRU VSULQg-VXPPeU PRQWhV. The 
aYeUage Rf YaOXeV LV dLVSOa\ed LQ SaUeQWheVeV.   

Geographical 
area 

Species Ba/Ca (�mol/
mol) 

Mg/Ca (mmol/
mol) 

Mn/Ca (mmol/
mol) 

Calculated 
temperatures
(ၨC) 

Modern hydrographic 
data spring temp. (ၨC)
Baltic Nest 

Anholt B. maUginaWa 0.93-3.93  
(2.06) 

1.67-2.07 
(1.88) 

0.063-0.10  
(0.085) 

6.4-9.9ၨC  
(8.2) 

5.4-13.3  
(8.9) 

H. balWhica 5.35-10.24 
(7.59) 

3.81-4.53 
(4.11) 

0.35-0.66  
(0.49) 

7.9-9.3  
(8.5) 

Ristinge A. baWaYa 4.77-18.55  
(7.82) 

0.36-1.23 
(0.91) 

0.23-0.45 
(0.33) 

4.0-12.7  
(8.9) 

2.63-12.43  
(6.3) 

E. claYaWXm 6.70-19.04  
(8.93) 

0.93-1.25 
(1.17) 

0.08-0.24 
(0.15) 

2.4-7.1  
(4.1) 

Obrzynowo A. baWaYa 3.52-8.55 
(7.22) 

0.99-1.30 
(1.11) 

0.17-0.32 
(0.25) 

10.3-15.7  
(12.2) 

2.15-10.82  
(5.8) 

E. claYaWXm 8.52-14.11 
(10.46) 

1.08-1.56 
(1.18) 

0.10-0.1 
 (0.14) 

3.6-6.2  
(4.2) 

N.E. Atlantic  
Rosenthal et al. 
(2011) 

H. balWhica - 5.75 -     

Kattegat 
(modern) 
Groeneveld et 
al. (2018) 

A. baWaYa (3.45) (0.94) (0.079)    

E. claYaWXm (2.80) (1.01) (0.036)   

B. maUginaWa (1.97) (1.71) (0.023)   

Hanö Bay 
(modern) 
Groeneveld et 
al. (2018) 

A. BaWaYa (6.8) 
(APPRQLa T6) 

(0.82) 
(APPRQLa T6) 

(0.27) 
(APPRQLa T6) 

   

E. claYaWXm (11.4) (0.79) (0.88)   
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 IQ addLWLRQ WR Whe LQVWUXPeQWaO h\dURgUaShLc 
PeaVXUePeQWV fURP Whe BaOWLc NeVW (Vee VecWLRQ 3.6), 
PRdeUQ SUR[\ YaOXeV haYe beeQ cROOecWed fURP SXb-
OLVhed VWXdLeV (TabOe 4) fRU Whe cRUUeVSRQdLQg VSecLeV. 
The PRdeUQ YaOXeV Rf WUace eOePeQWV (TabOe 4) ac-
TXLUed fURP GUReQeYeOd eW aO. (2018)  aUe OaWeU cRP-
SaUed WR AQhROW SUeVeQWed LQ fLgXUe 5 aQ ObU]\QRZR LQ 
fLgXUe 10.  

 
5.1 TUDFH HOHPHQWDO DQDO\VLV LQ AQKROW  
 
5.1.1 MJ/CD DQG ERWWRP-ZDWHU UHFRQVWUXFWLRQ  
The WePSeUaWXUe LQ AQhROW 300 \eaUV afWeU Whe EePLaQ 
LQWeUgOacLaO begaQ (cRUUeOaWed ZLWh DaQLVh VWaWLRQV) 
OLeV LQ a VLPLOaU UaQge Rf WePSeUaWXUeV cRPSaUed WR 
PRdeUQ-da\ YaOXeV fRU Whe VSULQg VeaVRQ.  AObeLW Whe 
WePSeUaWXUeV dLffeU fURP Whe aYeUage h\dURgUaShLc 
PeaVXUePeQWV ZLWh -0.2ၨC fRU B. PaUgLQaWa aQd + 
0.1ၨC  fRU H. baOWhLca, LW caQ be VeeQ aV aQ RffVeW WR Whe 
RWheU Za\V VLPLOaU WePSeUaWXUeV ZheQ cRPSaUed WR Whe 
LQVWUXPeQWaO daWa fURP Whe SUeVeQW.   
 The UecRQVWUXcWed BWT LQ Whe EePLaQ caQ be 
cRPSaUed WR Whe SUeYLRXV eVWLPaWLRQ Rf a 2-3ၨC (QRQ-
TXaQWLWaWLYe WePSeUaWXUe) hLgheU WePSeUaWXUe WhaQ LQ 
Whe PRdeUQ-da\, cRXSOed ZLWh Whe ULVLQg ZaWeU OeYeO 
(SeLdeQNUaQW] 1993a;  SeLdeQNUaQW] & KQXdVeQ 1994). 
HeUe Whe UeVXOWV aUe TXaQWLWaWLYe aQd ZRXOd WheQ cRLQ-
cLde ZLWh Whe VSULQg VeaVRQ Rf Whe fRUaPLQLfeUaO gURZWh 
aV Whe WePSeUaWXUeV aUe cORVeO\ cRPSaUabOe WR WhaW Rf 
Whe PRdeUQ-da\ h\dURgUaSh\ (ZLWh �0.1ၨC RffVeWV). 
AQRWheU aVSecW ZRUWh cRQVLdeULQg LV Whe VaOLQLW\ VWeeU-
LQg Rf Whe LQcRUSRUaWLRQ Rf Mg/Ca LQ ceUWaLQ VSecLeV, aV 
GUReQeYeOd eW aO. (2018) cRQcOXde Whe B. PaUgLQaWa WR 
be a VSecLeV deSeQdeQW RQ VaOLQLW\ ZheQ LQcRUSRUaWLQg 
Mg/Ca.  

 
5.1.2 BD/CD 
TheUe LV a PLQRU YaULaWLRQ Rf Ba/Ca WhURXghRXW Whe 
WLPe. AW Whe begLQQLQg Rf Whe EePLaQ, B. PaUgLQaWa 
dLVSOa\V a VOLghWO\ LQcUeaVLQg WUeQd. H\aOLQea baOWhLca 
dReV QRW dLVSOa\ aQ\ WUeQdV, bXW bRWh Rf Whe cXUYeV 
VeeP WR haYe a QegaWLYe SaWWeUQ LQ Whe LQLWLaO VWage Rf 
Whe LQWeUgOacLaO, ZLWh a QRWed decUeaVe Rf Ba UaWLR, 
PeaQLQg aQ LQcUeaVe LQ VaOLQLW\. The geQeUaO WUeQd fRU 
B. PaUgLQaWa LV SRVLWLYe, LPSO\LQg WhaW Whe VaOLQLW\ 
WhURXghRXW Whe cRUe ZaV decUeaVLQg. CRXSOed ZLWh 
VWabOe R[\geQ LVRWRSeV daWa fURP AQhROW, QRWe aQ LQ-
cUeaVLQg WUeQd LQ δ18O, aQd VXggeVW aQ LQcUeaVLQg VaOLQ-
LW\ (TabOe 1, FLgXUe 13a). The KaWWegaW LV Whe PaLQ 
LQfORZ Rf PaULQe ZaWeU LQWR Whe BaOWLc aQd LV WheUefRUe 
QRW LQdLcaWLYe Rf chaQgeV LQ VaOLQLW\, aV Whe RWheU VWa-
WLRQV fXUWheU LQWR Whe eVWXaULQe V\VWeP PLghW be 
(GUReQeYeOd eW aO. 2018). The RSSRVLWe LPSOLcaWLRQ Rf 
decUeaVLQg VaOLQLW\ LV WheUefRUe QRW aV VWURQg fRU Whe 
KaWWegaW ZheQ PeaVXULQg Whe Ba/Ca UaWLR aV LW ZRXOd 
be LQ Whe RWheU VWaWLRQV. The LQLWLaO SaWWeUQ Rf LQdLcaWed 
VaOLQLW\ caQ be cRPSaUed WR VLPLOaU chaUacWeULVWLcV LQ 
Whe deeSeVW SaUW Rf RLVWLQge UecRUd.   
 
5.1.3 MQ/CD 
The MQ/Ca PeaVXUePeQWV VhRZ QR VLgQLfLcaQW WUeQdV, 
aQd Whe MQ/Ca LV UeOaWLYeO\ VPaOO. IQ cRPSaULVRQ WR Whe 
PRdeUQ-da\ YaOXeV Rf Whe VaPe VSecLeV aQd VLPLOaU 

VaOLQLW\ gUadLeQW (TabOe 4), Whe UaWLRV Rf Whe MQ/Ca LQ 
B. PaUgLQaWa aUe VXbVWaQWLaOO\ hLgheU, aOPRVW dRXbOe 
aObeLW VWLOO VPaOO LQ cRQWUaVW WR Whe PRdeUQ-da\ PeaV-
XUePeQWV Rf Whe eOePeQW LQ Whe KaWWegaW. ThLV caQ LQdL-
caWe WhaW Whe R[\geQ cRQdLWLRQV ZeUe ORZeU dXULQg Whe 
EePLaQ WhaQ Whe\ aUe WRda\. The fRUaPLQLfeUaO aVVeP-
bOageV ZeUe LQcUeaVLQgO\ gURZLQg LQ abXQdaQce fRU B. 
PaUgLQaWa, ZhLch ZaV aOVR cRQQecWed WR Whe LQcUeaVed 
ZaWeU OeYeO RU ZRUVeQed R[\geQ cRQdLWLRQV (FLgXUe 
13a) (SeLdeQNUaQW] 1993a;  SeLdeQNUaQW] & KQXdVeQ 
1994). GUReQeYeOd & FLOLSVVRQ (2013) dLVcXVVed Whe 
ORZ UaWLR Rf MQ/Ca LQ Whe fRUaPLQLfeUaO WeVWV Rf VhaO-
ORZ LQfaXQaO VSecLeV (B. PaUgLQaWa), aV aQ LQdLcaWLRQ 
Rf ZeOO-R[\geQaWed ZaWeU.  HRZeYeU, B. PaUgLQaWa haV 
aOVR beeQ UecRgQLVed fRU beLQg aQ R[\geQ deSOeWLRQ 
WROeUaQW VSecLeV (GXVWafVVRQ & NRUdbeUg 2000). The 
hLgheU UaWLRV fURP Whe EePLaQ LQWeUgOacLaO cRXOd, WheUe-
fRUe, VXggeVW a PRUe VeYeUe R[\geQ deSOeWLRQ. The 
δ13C aOVR VhRZed a VLgQLfLcaQW decUeaVLQg WUeQd (FLg. 
13a), LPSO\LQg WhaW Whe bRWWRP ZaWeU becaPe PRUe 
VWagQaQW (NL eW aO. 2020). The hLgheU YaOXeV Rf H. 
baOWhLca caQ be e[SOaLQed b\ Whe hLgheU WUace eOe-
PeQWaO VeQVLWLYLW\ aV RSSRVed WR B. PaUgLQaWa 
(RRVeQWhaO eW aO. 2011). EYeQ WhRXgh Whe H. baOWhLca 
VSecLeV OacNV a VLgQLfLcaQW WUeQd, Whe YaOXeV UePaLQ 
hLgheU WhaQ WhRVe fURP PRdeUQ PeaVXUePeQWV (TabOe 
4) ZhLch PLghW LQdLcaWe a ORZeU R[\geQ cRQWeQW LQ Whe 
bRWWRP ZaWeUV Rf AQhROW dXULQg Whe EePLaQ.  
 The RVcLOOaWLRQV WhaW H. baOWhLca dLVSOa\ed caQ 
LQdLcaWe aQ LQcUeaVe LQ R[\geQ deSOeWLRQ LQ a UeRccXU-
ULQg PaQQeU, SRVVLbO\ dXe WR VeaVRQaOLW\. The VeaVRQ-
aOLW\ aObeLW VPaOO aQd ZLWh PaUgLQaO fOXcWXaWLRQV LV 
SUeVeQW LQ AQhROW LQ Whe PRdeUQ h\dURgUaShLc daWa aQd 
LV VLPLOaU WR Whe UecRQVWUXcWed WePSeUaWXUeV. The cRUeV 
fURP AQhROW UeSUeVeQW Whe eQWLUe EePLaQ, aObeLW, aW a 
ORZeU UeVROXWLRQ WhaQ aW Whe RWheU WZR VLWeV, WhLV PXVW 
be WaNeQ LQWR cRQVLdeUaWLRQ ZheQ dLVcXVVLQg Whe AQ-
hROW VeTXeQce.   

 
5.2 EHPLDQ UHFRQVWUXFWLRQ LQ AQKROW 

ZKHQ FRXSOHG ZLWK RWKHU GDWD  
The VSecLeV LQYeVWLgaWed aUe W\SLcaOO\ fURP ZaUPeU 
eQYLURQPeQWV, ZhLch haYe beeQ Whe dRPLQaWLQg aVVeP-
bOage LQ Whe VXcceVVLRQ (SeLdeQNUaQW] 1993a;  SeL-
deQNUaQW] & KQXdVeQ 1994). The begLQQLQg Rf Whe 
UecRUd LQ AQhROW (a130- 129 Na B.P.), LV UeSUeVeQWed b\ 
aQ LQcUeaVLQg Whe fRUaPLQLfeUaO abXQdaQce, cRQcOXded 
b\ SeLdeQNUaQW] (1993a) WR haYe beeQ a WUaQVLWLRQ ]RQe 
fURP gOacLaO cRQdLWLRQV LQWR a ZaUPeU LQWeUgOacLaO, 
ZLWh a VXbVWaQWLaO Vea-OeYeO ULVe XQWLO UeachLQg 100P 
ZaWeU deSWh fXUWheU aORQg ZLWh Whe EePLaQ VedLPeQWV  
(SeLdeQNUaQW] 1993a). The cRQWLQXaWLRQ Rf Whe cRUe 
dLVSOa\V a cRQWLQXRXV WhULYLQg Rf Whe WZR VSecLeV (B. 
PaUgLQaWa aQd H. baOWhLca) aQd aQ aSSaUeQW dLVaSSeaU-
aQce Rf Whe E. cOaYaWXP VSecLeV WhaW aUe dLVcXVVed LQ 
Whe WZR RWheU VWaWLRQV (a124 Na B.P.). The XSSeU SaUW 
Rf Whe VecWLRQ LQ AQhROW LV dLVWLQgXLVhed fXUWheUO\ LQ-
cUeaVed abXQdaQce Rf Whe VSecLeV, ZhLch caQ be cRQ-
QecWed WR Whe decUeaVLQg δ13C aQd b\ hLgheU QXWULWLRQ 
RU decUeaVed aPRXQW Rf dLVVROYed R[\geQ 
(SeLdeQNUaQW] 1993a aQd UefeUeQceV ZLWhLQ).  

 
5.3 TUDFH HOHPHQWDO DQDO\VLV LQ RLVWLQJH 
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5.3.1 MJ/CD DQG ERWWRP-ZDWHU UHFRQVWUXFWLRQ  
IQ cRPSaULVRQ WR Whe aYeUage BWT fURP PRdeUQ h\-
dURgUaShLc daWa, A. baWaYa dLVSOa\V a hLgheU WePSeUa-
WXUe dXULQg Whe EePLaQ WhaQ LQ Whe SUeVeQW VSULQg-
VXPPeU WePSeUaWXUeV b\ 2.5ၨ (TabOe 3). EOShLdLXP 
cOaYaWXP dReV QRW VhRZ VLPLOaU UeVXOWV aV Whe aYeUage 
WePSeUaWXUe Rf Whe VSecLeV dXULQg Whe EePLaQ, aQd LW LV 
ORZeU WhaQ WhaW Rf Whe PRdeUQ daWa. AObeLW Whe WePSeUa-
WXUe UeVXOWed LQ beLQg ORZeU fRU WhLV VSecLeV, Mg/Ca fRU 
E. cOaYaWXP VhRZV a hLgheU UaWLR Rf LQcRUSRUaWed Mg 
LQ Whe EePLaQ, WhaQ LW dReV LQ PRdeUQ fRUaPLQLfeUaO 
VaPSOeV (TabOe 4). ThLV cRXOd SRVVLbO\ be dXe WR Whe 
VePL-TXaQWLWaWLYe UeVXOWV fRU E. cOaYaWXP. The dLffeU-
eQce beWZeeQ Whe WZR VSecLeV cRXOd aOVR be a UeVXOW Rf 
gURZWh dXULQg dLffeUeQW WLPeV Rf Whe \eaU.  

 
5.3.2 BD/CD 
The decUeaVLQg Ba/Ca WUeQd Rf A. baWaYa LV eVSecLaOO\ 
SURQRXQced LQ Whe ORZeVW (ROdeU) SaUW Rf Whe VecWLRQ, 
befRUe c. 750 \eaUV afWeU Whe begLQQLQg Rf Whe EePLaQ, 
LW LV cRQWLQXRXV WhURXghRXW Whe VecWLRQ (FLgXUe 13b). 
ThLV VXggeVWV a UaSLd LQcUeaVe Rf Whe VaOLQLW\ LQ Whe 
LQLWLaO SaUW Rf Whe VecWLRQ aQd WheQ a OeVV dUaPaWLc bXW 
VWLOO SUeYaLOLQg PaULQe LQSXW. ThLV LV fXUWheU VXSSRUWed 
b\ Whe VWabOe R[\geQ LVRWRSeV daWa WhaW VhRZ eQULch-
PeQW Rf Whe heaY\ R[\geQ LVRWRSeV ZLWh WLPe, VeeQ LQ 
Whe δ18O WUeQdV Rf bRWh VSecLeV fURP RLVWLQge. ThLV 
LQLWLaO LQcUeaVe LQ VaOLQLW\ caQ be cRUUeOaWed ZLWh aQ 
LQcUeaVLQg Vea OeYeO ZhLch LV cRQQecWed WR Whe RSeQLQg 
Rf Whe DaQLVh VWUaLWV aQd a cRQWLQXRXV Vea-OeYeO ULVe 
(KQXdVeQ eW aO. 2011). 

 
5.3.3 MQ/CD 
The SUR[\ daWa LQ RLVWLQge dLVSOa\ed QR VLgQLfLcaQW 
WUeQdV, bXW Whe YaOXeV caQ be cRPSaUed WR PRdeUQ-da\ 
UaWLRV (TabOe 4) VhRZLQg VLPLOaULW\ WR Whe APPRQLa T6 
fURP HaQ| Ba\. The PRdeUQ YaOXeV fRU E. cOaYaWXP, 
RQ Whe RWheU haQd, aUe aOPRVW fRXU WLPeV OaUgeU WhaQ Whe 
PeaVXUed cRQceQWUaWLRQ Rf MQ/Ca LQ P\ VaPSOeV aOW-
hRXgh Whe bROVWeUed VWUaWLfLcaWLRQ Rf Whe ZaWeU cROXPQ 
cRXOd bULQg ORZeU R[\geQ OeYeOV Whe faXQaO dLYeUVLW\. 
IQ addLWLRQ Whe LQcUeaVe LQ δ13C LQdLcaWed YeQWLOaWed 
ZaWeUV dXULQg Whe EePLaQ (FLgXUe 13b), SURbabO\ dXe 
WR Whe LQcUeaVed LQfORZ fURP Whe AWOaQWLc (KQXdVeQ eW 
aO. 2011).  

 
5.4 EHPLDQ UHFRQVWUXFWLRQ LQ RLVWLQJH ZKHQ FRX-

SOHG ZLWK RWKHU GDWD  
The UeOaWLYe abXQdaQce Rf A. baWaYa decUeaVed ZLWh 
WLPe ZhLch haV beeQ OLQNed WR Whe VSecLeV-VSecLfLc 
ZRUVeQed YLWaO effecW. The abXQdaQce Rf E. cOaYaWXP, 
LQLWLaOO\ ORZ, LQcUeaVed LQ cRQceQWUaWLRQV (KULVWeQVeQ eW 
aO. 2000) afWeU 750 \eaUV XQWLO LW VWaUWed WR dLPLQLVh 
agaLQ aW aSSUR[LPaWeO\ 3000 \eaUV afWeU Whe begLQQLQg 
Rf Whe EePLaQ (FLgXUe 13b). The LQLWLaOO\ hLgh abXQ-
daQce Rf Whe A. baWaYa haYe SUeYaLOed aW Whe begLQQLQg 
Rf Whe EePLaQ ZhLch haV beeQ aVVeVVed aV a bUacNLVh 
eQYLURQPeQW ZLWh LQcUeaVLQg VaOLQLW\ OaWeU LQ WLPe. The 
LQcUeaVe LQ VaOLQLW\ ZaV aOVR VWUeQgWheQed b\ Whe SRVL-
WLYe WUeQd Rf Whe R[\geQ LVRWRSeV aW Whe begLQQLQg Rf 
WhLV VecWLRQ. The OaWWeU chaQge LQ Whe faXQaO aVVePbOage 
LV aVVLgQed WR Whe LQcUeaVe LQ WePSeUaWXUe aURXQd 750 
\eaUV afWeU Whe EePLaQ. The VaOLQLW\ aQd WePSeUaWXUe 
ZeUe aVVXPed WR haYe VWabLOLVed LQ Whe PLddOe SaUW Rf 

Whe VecWLRQ, cRUUeVSRQdLQg WR afWeU c. 750 \eaUV afWeU 
Whe EePLaQ. FROORZLQg Whe VWabOe OeYeOV, Whe VaOLQLW\ 
haV \eW agaLQ begXQ WR ULVe WRZaUdV 3000 \eaUV afWeU 
Whe EePLaQ ZLWh a deYeORSPeQW Rf a VWURQgeU VWUaWLfLca-
WLRQ. The LQcUeaVed VaOLQLW\ aW Whe eQd Rf Whe UecRUd 
ZaV caXVed b\ a SURbabO\ aggUaYaWed LQfORZ fURP Whe 
AWOaQWLc, aV PeQWLRQed befRUe, aOVR LQdLcaWLQg WhaW 
RLVWLQge ZaV UeOaWLYeO\ YeQWLOaWed (KQXdVeQ eW aO. 
2011).  

 
5.5 TUDFH HOHPHQWDO DQDO\VLV LQ 

OEU]\QRZR   
 
5.5.1 MJ/CD DQG ERWWRP-ZDWHU UHFRQVWUXFWLRQ 
The UecRQVWUXcWed BWT (FLgXUe 13c) LQ ObU]\QRZR 
baVed RQ A. baWaYa Mg/Ca LV hLgheU WhaQ Whe PRdeUQ 
YaOXeV VhRZLQg a 0.29 PPRO/PRO dLffeUeQce aQd 0.39 
PPRO/PRO fRU E. cOaYaWa ZheQ cRPSaUed (TabOe 4). A 
SaUaOOeO UeadLQg fRU A. baWaYa ZaV dRQe ZLWh Whe h\-
dURgUaShLc daWa fURP Whe PRdeUQ-da\, aQd Whe aYeUage 
WePSeUaWXUeV aUe faLUO\ cRLQcLdLQg ZheQ cRPSaULQg LW 
ZLWh Whe PRdeUQ WUace eOePeQWaO daWa (TabOe 3). The E. 
cOaYaWXP LV dLVSOa\LQg a ORZeU WePSeUaWXUe WhaQ LQ Whe 
PRdeUQ VSULQg- VXPPeU VeaVRQ, ZhLch cRQWUadLcWV 
SUeYLRXV aVVXPSWLRQV Rf WePSeUaWXUe beLQg hLgheU dXU-
LQg Whe EePLaQ. ThLV cRQWUadLcWLRQ cRXOd, VLPLOaUO\ WR 
Whe RLVWLQge VWaWLRQ, be e[SOaLQed b\ Whe dLffeUeQW WLPe 
Rf gURZWh fRU dLffeUeQW VSecLeV, aQd ZhLOe A. baWaYa 
SUefeUV ZaUPeU cRQdLWLRQV, E. cOaYaWXP caQ caOcLf\ LQ 
cROdeU cRQdLWLRQV. The VSecLeV-VSecLfLc YLWaO effecW LV 
WheUefRUe LPSRUWaQW WR cRQVLdeU ZheQ LQWeUSUeWLQg Whe 
UeVXOWV (KaW] eW aO. 2010), heQce Whe LPSRUWaQce Rf 
cRPSaULVRQ ZLWh Whe aVVePbOage, VaOLQLW\ aQd R[\geQ 
LQdLcaWLRQV. KQXdVeQ eW aO. (2012) cRQcOXde VLPLOaUO\ 
WR Whe RWheU VWaWLRQV WhaW ObU]\QRZR UeSUeVeQWV a hLgh-
eU WePSeUaWXUe aQd VaOLQLW\ dXULQg Whe EePLaQ. HRZeY-
eU, Whe PaMRU LQcUeaVe Rf VaOLQLW\ aQd WePSeUaWXUe dLd 
QRW affecW Whe VLVWXOa UegLRQ XQWLO afWeU 1100 \eaUV, 
SURbabO\ dXe WR VLgQLfLcaQW ULYeU UXQRff.  

 
5.5.2 BD/CD DQG WKH IVRWRSH GDWD  
APPRQLa baWaYa VhRZed aQ LQcUeaVLQg WUeQd fRU 
Ba/Ca WhURXghRXW WLPe (FLgXUe 13c). AV PeQWLRQed LQ 
Whe SUeYLRXV VecWLRQ, ULYeU UXQRff LV a VLgQLfLcaQW facWRU 
LQ Whe cRQdLWLRQV SUeYaLOLQg LQ Whe VLVWXOa aUea 
(KQXdVeQ eW aO. 2012). TR cRPSOePeQW WhLV WUeQd, WheUe 
ZaV a UecRUded QegaWLYe WUeQd Rf δ18O fRU E. cOaYaWXP, 
WhaW VhRZV a decUeaVe LQ VaOLQLW\ aV RSSRVed WR Whe 
WUeQdV fURP Whe RWheU VWaWLRQV. ThLV PLghW be VXSSRUWed 
b\ Whe LQfOXeQce Rf fUeVhZaWeU LQSXW fURP Whe VLVWXOa, 
aOVR deSLcWed LQ Whe gURZLQg Ba OeYeOV. IQ cRQWUaVW WR 
PRdeUQ WUace eOePeQWaO YaOXeV (TabOe 4), Whe Ba UaWLR 
LQ ObU]\QRZR dXULQg Whe EePLaQ ZaV ORZeU. The ORZ-
eU YaOXeV Rf Ba/Ca WhaQ caQ be e[SOaLQed b\ Whe RYeU-
aOO hLgheU VaOLQLW\ dXe WR Whe LQcUeaVe LQ PaULQe LQSXW 
fURP Whe AWOaQWLc (KQXdVeQ eW aO. 2012). AOWhRXgh 
VLQce Whe UeVXOWV dLd QRW VhRZ a dLVWLQcWLYe LQcUeaVe LQ 
VaOLQLW\, WheUe ZaV SURbabO\ VWLOO a VXbVWaQWLaO LQSXW 
fURP Rf fUeVhZaWeU ZhLch cRQVeTXeQWO\ aWWULbXWed WR a 
VWURQgeU VWUaWLfLcaWLRQ Rf Whe ZaWeU cROXPQV, aV Whe E. 
cOaYaWXP SUeYaLOV aV ZeOO.  

 
5.5.3 MQ/CD 
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The cRPSaULVRQ Rf PeaVXUed MQ/Ca YaOXeV aQd UeceQW 
fRUaPLQLfeUaO VWXdLeV (TabOe 4) LPSOLeV WhaW Whe UecRQ-
VWUXcWed UaWLR Rf LQcRUSRUaWed MQ LQ A. baWaYa LV 
VOLghWO\ ORZeU LQ cRQWUaVW WR PeaVXUePeQWV fURP Whe 
BaOWLc SURSeU (HaQ| Ba\) fRU A baWaYa. FRU E. cOaYa-
WXP, Whe YaOXeV dLffeU gUeaWO\, ZLWh aOPRVW a VL[ WLPeV 
OaUgeU dLYeUgeQce, ZLWh Whe ORZeU UaWLRQ beLQg VhRZQ 
b\ Whe ObU]\QRZR VLWe. TheUe LV QR VLgQLfLcaQW WUeQd 
fRU Whe caUbRQ LVRWRSeV WR LQdLcaWe aQ\ aSSaUeQW WUeQdV 
LQ chaQgeV Rf Whe R[\geQ OeYeOV.  

 
5.6 EHPLDQ UHFRQVWUXFWLRQ LQ OEU]\QRZR 

ZKHQ FRXSOHG ZLWK RWKHU GDWD  
FRUaPLQLfeUaO aVVePbOage daWa ZeUe aYaLOabOe (TabOe 
1), aQd bRWh VSecLeV ZeUe LQLWLaOO\, UeOaWLYeO\ abXQdaQW 
bXW OaWeU fOXcWXaWLQg. AW Whe eQd Rf Whe UecRUd E. cOaYa-
WXP dUaVWLcaOO\ decOLQed ZhLOe Whe aVVePbOage fRU A. 
baWaYa begaQ WR dLVSOa\ a hLgheU cRQceQWUaWLRQ. Ac-
cRUdLQg WR Whe SaOeReQYLURQPeQWaO UecRQVWUXcWLRQ Rf 
KQXdVeQ eW aO. (2012), Whe eQYLURQPeQW LQ Whe LQLWLaO 
VWage Rf Whe EePLaQ ZaV bUacNLVh ZaWeUV aQd ZheUe Whe 
VaOLQLW\ decUeaVed fXUWheUO\, ZhLch cRXOd cRLQcLde ZLWh 
Whe faOO Rf Whe abXQdaQce fRU A. baWaYa aQd OaWeU aOVR Rf 
Whe E. cOaYaWXP. ThLV faOO LQ Whe abXQdaQce caQ aOVR 
cRLQcLde ZLWh Whe WePSeUaWXUe SaWWeUQ Rf Whe E. cOaYa-
WXP fRU WhaW SeULRd LQ Whe UecRUd. The aVVePbOageV 
UeWXUQ WR hLgheU YaOXeV ZheQ Whe VaOLQLW\ LQcUeaVeV WR 
Whe bUacNLVh eQYLURQPeQW cRQWLQXRXVO\ WhURXghRXW Whe 
UeVW Rf Whe VecWLRQ.  

 
5.7 AQ RYHUYLHZ RI WKH EHPLDQ K\GURJUD-

SK\ DQG FRQGLWLRQV 
The h\dURgUaSh\ Rf Whe EePLaQ BaOWLc aUea haV ceUWaLQ 
VLPLOaULWLeV bXW aOVR VRPe dLffeUeQceV WR Whe PRdeUQ 
VeWWLQgV, ZhLch caQ be cRXSOed ZLWh Whe UeVXOWV WR XVed 
aV a baVe fRU Whe LQWeUSUeWaWLRQV Rf Whe SaVW cRQdLWLRQV. 
The UeVWULcWLYe SaVVageV LQWR Whe BaOWLc ZeUe bURadeU 
WhaQ Whe SUeVeQW aV ZeOO aV VPaOOeU cRQQecWLRQV WR Whe 
NRUWh Sea ZeUe eVWabOLVhed, dXe WR LQXQdaWLRQ ZLWh Whe 
WUaQVgUeVVLRQ aQd eXVWaWLc effecWV (KQXdVeQ 1994;  
FXQdeU eW aO. 2002). The PaLQ SaVVage fURP Whe NRUWh 
Sea WhURXgh Whe KaWWegaW ZaV SRVVLbO\ WUaQVYeUVLQg Whe 
DaQLVh VWUaLWV WR a YaVWeU e[WeQW WhaQ LQ Whe HRORceQe 
(FLgXUe 12).  PUeYLRXV VWXdLeV VhRZ WhaW Whe WUaQVLWLRQ 
aUea LQWR Whe BaOWLc Vea ZaV PXch bURadeU aQd VWURQgeU 
cXUUeQWV SeUVLVWed LQ Whe cLUcXOaWLRQ, aV VhRZQ b\ Pa-
ULQe eYLdeQce fURP WhaW aUea (L\NNe-AQdeUVeQ eW aO. 
1993;  SeLdeQNUaQW] 1993a;  FXQdeU eW aO. 2002) aQd 
VWUeQgWheQed b\ Whe UeVXOWV Rf WhLV WheVLV. Q addLWLRQ WR 
Whe e[WeQVLYe ZaWeU e[chaQge WhURXgh Whe SWUaLWV, a 
SRVVLbOe SaVVage fURP Whe NRUWh Sea LQWR Whe BaOWLc 
ZaV aOVR SUeVeQW beWZeeQ Whe SUeVeQW QRUWheUQ cRaVW Rf 
GeUPaQ\ aQd VRXWheUQ DeQPaUN (KLeO CaQaO). The 
PaULQe cRQQecWLRQ beWZeeQ Whe BaOWLc aQd Whe NRUWh 
Sea LQfOXeQced Whe VaOLQLW\ LQ Whe ZeVWeUQ BaOWLc aUea 
(e.g. BM|UcN eW aO. 2000;  SeLdeQNUaQW] eW aO. 2000). 
HRZeYeU, Whe LQfORZ VeePV WR haYe beeQ PaUgLQaO 
(FXQdeU eW aO. 2002). IQ Whe OaWeU EePLaQ a Vea-OeYeO 
dURS LV QRWed LQ geRORgLcaO UecRUdV, ZLWh ZeaNeQed 
cXUUeQWV aQd cRQVeTXeQWO\ OeVV ZaWeU e[chaQge be-
WZeeQ Whe QRUWheUQ Vea aQd Whe BaOWLc (KQXdVeQ 1994;  
SeLdeQNUaQW] & KQXdVeQ 1994). 
 TR cRPSOeWe Whe h\dURgUaSh\ Rf Whe EePLaQ, 
Whe PXOWLSUR[\ cRUUeOaWLRQ Rf Whe daWa fURP Whe WhUee 

VLWeV UeVXOWed LQ abVROXWe WePSeUaWXUeV (WeQWaWLYe fRU E. 
cOaYaWXP) WhaW LQdLcaWe geQeUaOO\ ZaUPeU bRWWRP ZaWeU 
cRQdLWLRQV dXULQg Whe EePLaQ LQ Whe BaOWLc bXW QRW LQ 
AQhROW. The VaOLQLW\ LV cRUUeVSRQdLQgO\ LQcUeaVLQg 
WhURXghRXW Whe UecRUd LQdLcaWLQg Whe begLQQLQg Rf Whe 
EePLaQ, aQd LW LV eVVeQWLaO WR QRWe WhaW Whe WhUee VWa-
WLRQV cRUUeVSRQd WR dLffeUeQW WLPe OeQgWhV, SOacLQg 
RLVWLQge aQd ObU]\QRZR aV RQO\ SaUW Rf Whe UecRUd LQ 
AQhROW ZhLch haV a bURadeU UeVROXWLRQ (WLPe cRUUeOa-
WLRQ LQ FLgXUe 13). The WhUee VLWeV haYe beeQ cRUUeOaWed 
XVLQg Whe PeaVXUePeQWV, ROdeU VWXdLeV, aQd PRdeUQ 
aQaORgXeV. The fRUaPLQLfeUaO daWa SUeVeQWed LV baVed 
RQ beQWhLc fRUaPLQLfeUa heQce Whe aVVXPSWLRQ WhaW Whe 
UeVXOWV ZLOO be UeSUeVeQWaWLYe fRU Whe cRQdLWLRQV LQ bRW-
WRP ZaWeU  eQYLURQPeQWV (KaW] eW aO. 2010).  
 The PeaVXUePeQWV fURP Whe AQhROW VWaWLRQ cRY-
eU a cRQVLdeUabO\ ORQgeU WLPe UaQge bXW aW a ORZeU UeV-
ROXWLRQ WhaQ Whe RWheU WZR VWaWLRQV, ZhLch LV dLVSOa\ed 
LQ Whe cRUUeOaWLRQ beWZeeQ Whe WhUee VWaWLRQV (FLgXUe 
13). The UecRQVWUXcWed WePSeUaWXUeV haYe beeQ SUe-
VeQWed RQ a cRPPRQ WLPeVcaOe, aQd WheLU dLffeUeQceV 
caQ be VeeQ fURP VSecLeV WR VSecLeV. The RffVeW Rb-
VeUYed beWZeeQ VSecLeV OLNe A. baWaYa aQd E. cOaYaWXP 
PLghW LQdLcaWe a VeaVRQaO YaULabLOLW\, Whe dLffeUeQW VSe-
cLeV gURZ dXULQg dLffeUeQW SaUWV Rf Whe \eaU (MXUUa\ 
2006;  AQdeUVeQ eW aO. 2009). The PRdeUQ h\dURgUaSh-
Lc daWa dLVSOa\ed a cRQVLdeUabOe VeaVRQaO YaULabLOLW\ 
aQd caQ heUe be cRXSOed ZLWh Whe RffVeWV Rf VSecLeV-
VSecLfLc UecRQVWUXcWLRQV.  
 The aSSURach RQ VeaVRQaO caOcLfLcaWLRQ Rf dLf-
feUeQW VSecLeV haV SUeYLRXVO\ beeQ dLVcXVVed LQ a QXP-
beU Rf VWXdLeV (e.g. FLOLSVVRQ eW aO. 2004;  KULVWMiQVdyW-
WLU eW aO. 2007;  TR\RfXNX eW aO. 2011;  SNLUbeNN eW aO. 

FLgXUe 12. The fLgXUe deSLcWV Whe h\dURgUaSh\ dXULQg Whe 
EePLaQ eaUO\ VWageV LQcOXdLQg Whe PaLQ LQfORZ URXWeV. The 
fLgXUe haV beeQ PRdLfLed fURP FXQdeU eW aO. 2002 aQd Uefe-
UeQceV ZLWhLQ.  
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2016;  BaUULeQWRV eW aO. 2018) ZheUe Whe LPSRUWaQce Rf 
Whe WLPe Rf caOcLfLcaWLRQ LV hLghOLghWed. The PRVW VXLWa-
bOe cRQdLWLRQV fRU a fRUaPLQLfeUaO VSecLeV dLffeU, ZhLch 
UeVXOWV LQ hLgheU gURZWh UaWeV dXULQg Whe dLffeUeQW Vea-
VRQV. The PRVW QRWabOe dLVcUeSaQc\ LQ Whe UeVXOWV LV 
beLQg VhRZQ b\ A. baWaYa aQd E. cOaYaWXP. APPRQLa 
baWaYa LV aQ RSSRUWXQLVWLc VSecLeV bXW ZLWh a SUefeU-
eQce WR caOcLf\ LQ UeOaWLYeO\ ZaUP ZaWeU (KQXdVeQ eW 
aO. 2011;  TR\RfXNX eW aO. 2011). EOShLdLXP cOaYaWXP 
beLQg a cRRO ZaWeU VSecLeV LPSOLeV LWV SUefeUeQce WR 
caOcLf\ LWV WeVWV WR be LQ Whe cROdeU VeaVRQ (BaUULeQWRV eW 
aO. 2018). AOWhRXgh, a dULYLQg fRUce ZheQ caOcLf\LQg 
Whe VheOOV LQ cROdeU WePSeUaWXUeV cRXOd aOVR haYe beeQ 
Whe QXWULeQW eQULchPeQW dXULQg Whe cROdeU SeULRdV Rf 
Whe VeaVRQ (e.g. GXVWafVVRQ & NRUdbeUg 2000;  MXUUa\ 
2006). HeQce, Whe VeaVRQaOO\ caOcLf\LQg fRUaPLQLfeUa 
caQ UeVXOW LQ a bLaVed WePSeUaWXUe UecRQVWUXcWLRQ 
(KULVWMiQVdyWWLU eW aO. 2007), ZhLch LV eVVeQWLaO WR NeeS 
LQ PLQd ZheQ LQWeUSUeWLQg TXaQWLWaWLYe daWa. BaUULeQWRV 
eW aO. (2018)  cRQcOXde WhaW VeaVRQaOLW\ haV aQ LPSacW 
RQ ZaWeUV VhaOORZeU WhaQ 200 P deSWh LQ Whe AUcWLc. 
AQ LPSRUWaQW cRQQecWLRQ beWZeeQ WeVW caOcLfLcaWLRQ 
aQd VeaVRQaOLW\ LQ VhaOORZeU ZaWeU deSWhV aUe aOVR 
hLghOLghWed b\ GUReQeYeOd eW aO. (2018) ZLWh Whe e[aP-
SOe Rf AQhROW. 
 The XVe Rf a SROOeQ VWUaWLgUaSh\ cRUUeOaWLRQ aOVR 
VWUeQgWheQV Whe ZaWeU LQfORZ aUgXPeQW dXULQg WhaW 
WLPe, LPSO\LQg WhaW Whe ZaWeU OeYeO VWaUWed WR ULVe be-
fRUe c.650 \eaUV afWeU Whe EePLaQ begaQ (KULVWeQVeQ eW 
aO. 2000;  KQXdVeQ eW aO. 2011). KULVWeQVeQ eW aO. 
(2000) aQd SeLdeQNUaQW] eW aO. (2000) aOVR aUgXe WhaW 
Whe fXOO\ PaULQe cRQdLWLRQV ZeUe QRW eVWabOLVhed XQWLO 
afWeU 3000 \eaUV VLQce Whe begLQQLQg Rf Whe EePLaQ. 
ThLV LV VXSSRUWed b\ Whe LQcUeaVLQgO\ PaULQe cRQdL-
WLRQV LQ bRWh RLVWLQge aQd ObU]\QRZR afWeU 750 \eaUV 
afWeU Whe EePLaQ XQWLO Whe eQd Rf Whe VecWLRQ ZhLch feOO 
aURXQd 3000 \eaUV afWeU Whe EePLaQ. HRZeYeU, 
ObU]\QRZR UePaLQV ZLWh bUacNLVh cRQdLWLRQV, aObeLW 
Whe PaULQe WUaQVgUeVVLRQ LQWR Whe BaOWLc. IQ cRPSaULVRQ 
ZLWh PRdeUQ h\dURgUaShLc VeWWLQgV, Whe VaOLQLW\ ZaV 
hLgheU dXULQg Whe hLgh VWaQd Rf Whe EePLaQ WhaQ LQ Whe 
SUeVeQW WLPeV (KULVWeQVeQ eW aO. 2000;  SeLdeQNUaQW] eW 
aO. 2000). SeLdeQNUaQW] eW aO. (2000) aOVR SRLQWed RXW 
WhaW ORcaWLRQV LQ Whe PRUe ZeVWeUQ UegLRQV, be\RQd 
RLVWLQge, had eVWabOLVhed PRUe VaOLQe cRQdLWLRQV befRUe 
Whe eaVWeUQ SaUWV. The hLgheU VaOLQe cRQdLWLRQV cRXOd 
aOVR haYe VXSSRUW LQ Whe SRVVLbOe dLUecW cRQQecWLRQ 
ZLWh PaULQe LQfOXeQce dLUecWO\ LQWR Whe ZeVWeUQ BaOWLc 
fURP Whe NRUWh Sea (SeLdeQNUaQW] eW aO. 2000). The 
dLVcUeSaQc\ LQ deYeORSPeQW beWZeeQ ObU]\QRZR aQd 
Whe RWheU VWaWLRQV LV aOVR LQdLcaWed b\ Whe hLgheU Ba 
cRQceQWUaWLRQV LQ ObU]\QRZR cRPSOePeQWed b\ Whe 
QegaWLYe WUeQd LQ δ18O WhaW LPSOLeV a decUeaVe LQ VaOLQL-
W\, aV RSSRVed WR Whe LQcUeaVe Rf VaOLQLW\ fRU AQhROW 
aQd RLVWLQge. The PRVW SOaXVLbOe caXVe fRU Whe SUeYaLO-
LQg ORZeU VaOLQLWLeV caQ be LQWeUSUeWed aV VXbVWaQWLaO 
fUeVhZaWeU LQSXW fURP Whe VLVWXOa LQfOXeQce (KQXdVeQ 
eW aO. 2012). TR VXPPaULVe, WhLV eQabOeV aQ aWWePSW WR 
SOace Whe WhUee VWaWLRQV RYeU a VaOLQLW\ gUadLeQW, OeadLQg 
fURP Whe PaULQe eQYLURQPeQWV LQ KaWWegaW (AQhROW) WR 
LQcUeaVLQgO\ bUacNLVh WURXgh DaQLVh VWUaLWV (RLVWLQge) 
WR Whe LRZeU VLVWXOa aUea (ObU]\QRZR). The EePLaQ 
LQdLcaWLRQ LV aOVR VXSSRUWed b\ Whe eQcORVed eQYLURQ-
PeQWV haYLQg a VWURQgeU UeOaWLRQVhLS beWZeeQ VaOLQLW\ 
aQd Ba/Ca aV Whe eOePeQW RULgLQaWed fURP OaQd ULYeU 

UXQRff (GUReQeYeOd eW aO. 2018).  
 The XSWaNe dLffeUeQce Rf Whe Ba eOePeQW b\ Whe 
caOcLf\LQg VheOOV LV VPaOO LQ-beWZeeQ VSecLeV (Lea 
1999). The UeVXOWV Rf RLVWLQge aQd ObU]\QRZR dLVSOa\ 
a VPaOO dLffeUeQce ZheQ LW cRPeV Ba/Ca, \eW LQ AQhROW 
a YaVWeU dLffeUeQce caQ be QRWed. IW LV beOLeYed WhaW Whe 
Ba cRQceQWUaWLRQV LQ Whe bRWWRP ZaWeUV ZeUe hLgheU 
dXULQg gOacLaO cRQdLWLRQV (Lea 1999). HRZeYeU, Whe 
Ba/Ca cRQceQWUaWLRQV PLghW VhRZ a cRQQecWLRQ ZLWh 
VaOLQLW\ aV LW LV UeOaWed WR Whe OaQd UXQRff, aOVR VhRZQ LQ 
Whe PeaVXUePeQWV cRPLQg fURP Whe KaWWegaW, ZhLch 
haV a dLUecW cRQQecWLRQ WR Whe RSeQ PaULQe eQYLURQ-
PeQWV (SNageUUaN aQd Whe NRUWh Sea) (GUReQeYeOd eW 
aO. 2018).  
 The EePLaQ UecRUdV cRPSLOed LQ FXQdeU & 
BaOLcဨZXQLc (2006) aQd UefeUeQceV WheUeLQ deVcULbe Whe 
RLVWLQge aUea WR haYe had PRUe YeQWLOaWLRQ (AWOaQWLc 
LQSXW WURXgh DaQLVh VWUaLWV) aV RSSRVed WR WhaW LQdLcaW-
ed b\ Whe C\SULQa COa\ LQ MRPPaUN (DaQLVh VWUaLWV) 
WhaW LQdLcaWeV ORZ R[\geQ cRQdLWLRQV (KULVWeQVeQ eW aO. 
2000;  FXQdeU & BaOLcဨZXQLc 2006). RLVWLQge LV be-
OLeYed WR haYe beeQ ZeOO YeQWLOaWed dXULQg Whe Vea-OeYeO 
LQcUeaVe, ZhLch cRLQcLdeV ZLWh Whe UeVXOWV. ThaW chaU-
acWeULVWLc VXbVLded OaWeU LQ Whe EePLaQ (FXQdeU & 
BaOLcဨZXQLc 2006), ZhLch dReV QRW haYe VXSSRUW LQ 
UeVXOWV fURP WhLV WheVLV aV Whe RLVWLQge VeceVVLRQ RQO\ 
cRYeUV Whe begLQQLQg WR Whe PLd-EePLaQ.  
 CRQVLdeULQg XVLQg dLffeUeQW VSecLeV aV SUR[LeV LW 
LV LPSRUWaQW WR QRWe Whe VSecLeV habLWXaO SUefeUeQce Rf 
VedLPeQW deSWh PLghW be PLVOeadLQg, dXe WR R[\geQ 
OeYeOV decUeaVLQg deeSeU LQWR Whe VedLPeQW aQd ZRXOd 
heQce deULYe hLgheU MQ/Ca LQ Whe WeVWV (GUReQeYeOd & 
FLOLSVVRQ 2013;  GUReQeYeOd eW aO. 2018). The fRUaPL-
QLfeUa XVed fRU PeaVXUePeQWV haYe beeQ cOeaQed ZLWh 
SURcedXUeV SUeVeQWed LQ PeWhRdV aQd Whe W\SLcaO YaOXe 
afWeU a cOeaQVLQg WUeaWPeQW LV OeVV WhaQ 0.1 PPRO/PRO 
(BaUNeU eW aO. 2003;  GUReQeYeOd & FLOLSVVRQ 2013). 
The daWa haV QRW beeQ cRQYeUWed LQWR TXaQWLWaWLYe XQLWV 
Rf dLVVROYed R[\geQ cRQceQWUaWLRQ. HRZeYeU, Whe 
MQ/Ca LPSOLeV a SRWeQWLaO SaWWeUQ aQd LV cRPSaUed WR 
Whe PeaVXUePeQWV fURP Whe SUeVeQW (TabOe 4). The LVR-
WRSLc UecRUd LQ KQXdVeQ eW aO. (2011) VhRZV LQcUeaVLQg 
R[\geQ aQd caUbRQ LVRWRSeV LQ A. baWaYa. WLWh WLPe, 
Whe faXQaO aVVePbOage LQcUeaVeV LQ abXQdaQce, UefOecW-
LQg Whe chaQge fURP a VhaOORZ bUacNLVh eQYLURQPeQW WR 
deeSeU ZaWeU WRZaUdV 3000 \eaUV afWeU Whe EePLaQ be-
gaQ. The LQcUeaVe Rf ZaWeU OeYeO SURbabO\ VWUeQgWheQed 
Whe VWUaWLfLcaWLRQ, aQd WhLV LV aOVR VXggeVWed b\ Whe E. 
cOaYaWXP R[\geQ LVRWRSeV UecRUdV LQ KQXdVeQ eW aO. 
(2011). The caUbRQ LVRWRSeV fROORZ Whe LQcUeaVe, \eW 
Whe bRWWRP ZaWeU cRQdLWLRQV LQ RLVWLQge ZeUe faLUO\ 
R[\geQaWed. The abXQdaQce Rf B. PaUgLQaWa LQ AQ-
hROW, afWeU Whe LQLWLaWLRQ Rf Whe LQWeUgOacLaO ZLWh RWheU 
VSecLeV, caQ aOVR be LQdLcaWLYe Rf ORZeULQg R[\geQ 
cRQceQWUaWLRQV LQ Whe bRWWRP ZaWeUV dXe WR UaLVed Za-
WeU OeYeOV (SeLdeQNUaQW] 1993a;  SeLdeQNUaQW] & KQXd-
VeQ 1994) LQ Whe OeVV YeQWLOaWed UegLRQV Rf Whe BaOWLc. 
KQXdVeQ eW aO. (2012) VXPPaULVe WhaW a OaWe VaOLQLW\ 
LQcUeaVe aW 1100 \eaUV RccXUUed LQ Whe VLVWXOa UegLRQ. 
The cRQQecWLRQ WR WhaW LQ WUace eOePeQWaO daWa caQ SRV-
VLbO\ be VeeQ LQ Whe ORZeU YaULabLOLW\ LQ Ba/Ca LQ cRP-
SaULVRQ Whe RLVWLQge ZLWh PRUe YaULabOe UeVXOWV, aOW-
hRXgh RQce agaLQ, a PRUe SOaXVLbOe e[SOaQaWLRQ LV Whe 
OaUgeU fUeVhZaWeU LQSXW fURP ULYeUV (VLVWXOa). ThaW be-
LQg VaLd, cRPSOLeV ZLWh Whe SRVLWLRQ VSecLfLc chaUacWeU-
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LVWLcV LPSRVed b\ acceVV WR fUeVh aQd VaOLQe ZaWeU. The 
aUea Rf RLVWLQge LV PRUe YaULabOe dXe WR Whe cRQQecWLRQ 
WR fXOO\ PaULQe cRQdLWLRQV, LPSRVLQg a PRUe dUaPaWLc 
chaQge Rf cRQdLWLRQV. The VLVWXOa VXSSOLeV Whe 
ObU]\QRZR aUea ZLWh fUeVhZaWeU WR a OaUgeU e[WeQW LQ 
cRPSaULVRQ WR Whe RWheU WZR VWaWLRQV aQd WheLU fUeVhZa-
WeU cRQWULbXWLRQ.  
 RefeUULQg WR Whe PRdeUQ LQVWUXPeQWaO daWa cRU-
UeVSRQdLQg WR Whe aVVXPed bRWWRP ZaWeU OeYeO dXULQg 
Whe EePLaQ, WheUe LV VeaVRQaO VWeeULQg Rf Whe R[\geQ 
OeYeOV dXULQg Whe \eaU. The LPSacW Rf VeaVRQaOLW\ LQ 
h\SR[La haV aOVR beeQ dLVcXVVed (e.g. GUReQeYeOd & 
FLOLSVVRQ 2013;  AVWePaQ & NRUdbeUg 2018;  
GUReQeYeOd eW aO. 2018) aOWhRXgh Whe UecRQVWUXcWed 
daWa dReV QRW VhRZ aQ\ aSSaUeQW VLgQ Rf VeaVRQaOLW\, 
H. baOWhLca dLVSOa\V UeRccXUULQg fOXcWXaWLRQV ZLWh a 
hLgheU MQ/Ca,  WhaW cRXOd SRVVLbO\ be cRQQecWed WR 
VeaVRQV. CRQVLdeULQg WhaW dLffeUeQW VSecLeV haYe dLffeU-
eQW RSWLPaO cRQdLWLRQV fRU Whe gURZWh Rf Whe WeVW 
(GUReQeYeOd eW aO. 2018), a cRXSOLQg ZLWh fRUaPLQLfeUaO 
aVVePbOage cRXOd LPSO\ WhaW PRUe RUgaQLc PaWWeU LV 
aYaLOabOe. CRQdLWLRQV WhaW SUeYaLO abXQdaQce Rf RUgaQ-
Lc PaWWeU WeQd WR e[hLbLW a decUeaVe LQ R[\geQ OeYeOV 
(KaW] eW aO. 2010). GUReQeYeOd eW aO. (2018) SURYLde 
RQe Rf a SRVVLbOe e[SOaQaWLRQ fRU ORZ MQ UaWLR LQ 
fRUaPLQLfeUaO VheOOV WR be caOcLfLcaWLRQ Rf WeVW dXULQg a 
PRUe R[\geQaWed WLPe Rf Whe \eaU, fRU e[aPSOe LQ Whe 
KaWWegaW dXULQg VSULQg. A VXggeVWLRQ fRU a UeaVRQ fRU 
Whe OacN Rf VLgQLfLcaQW WUeQdV LQ VRPe caVeV PLghW be 
cRQQecWed WR VRPe OLPLWaWLRQV WhaW aULVe ZheQ UecRQ-
VWUXcWLQg SaVW eQYLURQPeQWV fURP WUace eOePeQWaO aQd 
LVRWRSLc daWa (H|QLVch 2002).  

 
5.8 FXWXUH DQDORJXH LPSOLFDWLRQ 
AV Whe WePSeUaWXUeV dXULQg Whe EePLaQ ZeUe hLgheU 
WhaQ LQ Whe SUeVeQW LQ a QXPbeU Rf Whe UeVXOWV ZeUe LQ 
accRUdaQce WR SUeYLRXV SaOeR LQdLcaWLRQV Rf Whe LQWeU-
gOacLaO SeULRd (e.g. FXQdeU eW aO. 2002;  KQXdVeQ eW aO. 
2011) a SRVVLbOe cRUUeOaWLRQ beWZeeQ WePSeUaWXUe de-
SOeWLRQ Rf R[\geQ OeYeOV caQ be Pade fRU a fXWXUe aQa-
ORgXe. AQ LQcUeaVed ULVN fRU ORZ R[\geQ OeYeOV 
(h\SR[Lc WR aQR[Lc cRQdLWLRQV) caQ becRPe a PRUe 
ZLdeVSUead SheQRPeQRQ WhaQ LW LV WRda\ dXe WR cOLPaWe 
chaQge (DLa] & RRVeQbeUg 2008;  CRQOe\ eW aO. 2009). 
IQ UeceQW VWXdLeV (e.g. DLa] & RRVeQbeUg 2008;  CRQ-
Oe\ eW aO. 2009;  CRQOe\ eW aO. 2011;  AVWePaQ & NRUd-
beUg 2018;  ChaUULeaX eW aO. 2018) LW haV beeQ dLV-
cXVVed WhaW Whe LQcUeaVe Rf VXch h\dURgUaShLc chaUac-
WeULVWLcV haYe SUeYaLOed LQ Whe OaWeVW \eaUV aQd Whe\ 
PLghW cRQWLQXe WR deYeORS.    
 AV cRQcOXded LQ Whe SUeYLRXV VecWLRQV, Whe eQYL-
URQPeQWaO chaUacWeULVWLcV fURP Whe EePLaQ LQWeUgOacLaO 
ZeUe dLVSOa\LQg VLgQV Rf hLgheU ZaWeU WePSeUaWXUe aV 
ZeOO aV R[\geQ-SRRU cRQdLWLRQV aQd VWURQg VWUaWLfLca-
WLRQ. AV LQfeUUed b\ GUReQeYeOd & FLOLSVVRQ (2013), 
Whe RQgRLQg cOLPaWe chaQge LV haYLQg aQ effecW RQ 
WheVe chaUacWeULVWLcV. TheUefRUe, WR XQdeUVWaQd Whe de-
YeORSPeQW Rf Whe cOLPaWe LQ Whe fXWXUe Whe SaVW VhRXOd 
be beWWeU XQdeUVWRRd.  
 The SaOeRcOLPaWLc UecRQVWUXcWLRQ caQ, LQ a 
bURadeU VeQVe VeUYe aV a UefeUeQce WR Whe d\QaPLcV Rf 
aQ LQWeUgOacLaO SeULRd aQd caQ be LPSOePeQWed WR be 
heOSfXO LQ PRdeOOLQg aQd cOLPaWLc SUedLcWLRQV (POLNN eW 
aO. 2019).  
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LQ a), aQd E. cOaYaWXP
 LQ b) aQd c) LV acTXLUed WhURXgh Whe � YaULaWLRQV Rf Whe caOLbUaWLRQV aSSOLed LQ WeP

SeUaWXUe eVWLP
aWLRQ (TabOe 2). O

bU]\QRZ
R LV aOVR dLVSOa\V Whe VWabOe LVRWRSe P

eaVXUe-
P

eQWV cRQdXcWed LQ WhLV WheVLV. The fLgXUe haV WZ
R SaUWLaOO\ cRUUeOaWed WLP

eOLQeV, RQe a fORaWLQg chURQRORg\ baVed RQ (K
QXdVeQ eW aO. 2011;  K

QXdVeQ eW aO. 2012) fRU RLVWLQge aQd O
bU]\QRZ

R LQ 
\eaUV afWeU Whe begLQQLQg Rf EeP

LaQ, aQd a VWabOe P
aULQe LVRWRSe eYeQWV baVed WLP

eOLQe afWeU (M
aUWLQVRQ eW aO. 1987;  SeLdeQNUaQW] 1993a) LQ A

QhROW. The cRUUeOaWLRQ baVed RQ (FXQdeU eW aO. 
2002;  M

LeWWLQeQ eW aO. 2014) Z
LWh Whe RULgLQaO daWa fURP

 Whe WUee VWaWLRQV (Vee WabOe 1). The Vea OeYeO cXUYe Z
aV URXghO\ eVWLP

aWed afWeU (M
LeWWLQeQ eW aO. 2014).   
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6 CRQcOXVLRQV 
HeUe, I SUeVeQW Whe cRQWULbXWLRQ Rf SUR[\ daWa fRU Whe 
SaOeRcOLPaWLc UecRQVWUXcWLRQV Rf Whe bRWWRP ZaWeU cRQ-
dLWLRQV fURP WhUee ORcaWLRQV LQ Whe BaOWLc, dXULQg Whe 
OaVW LQWeUgOacLaO. The UeVXOWV VhRZ TXaQWLWaWLYeO\ UecRQ-
VWUXcWed WePSeUaWXUeV fRU Whe PaMRULW\ Rf Whe daWa (aQd 
VePL-TXaQWLWaLYe UecRQVWUXcWLRQ Rf E. cOaYaWXP) aQd 
RWheU eQYLURQPeQWaO LQdLcaWLRQV LQWeUSUeWed fURP WUace 
eOePeQWaO daWa ZLWh accRUdaQce WR SUeYLRXV VWXdLeV. 
The aLPV Rf WhLV WheVLV haYe beeQ VXPPaULVed fRU each 
ORcaWLRQ.  
x In Anholt, Whe UecRQVWUXcWed bRWWRP WePSeUa-

WXUeV dXULQg Whe EePLaQ ZeUe caOcXOaWed WR 
8.2ၨC (UaQgLQg 6.4-9.9ၨC) fRU B. PaUgLQaWa aQd 
8.5ၨC (7.9-9.3ၨC) fRU H\aOLQea baOWhLca. The 
UecRQVWUXcWed BWT aUe VLPLOaU WR Whe PRdeUQ 
cRQdLWLRQV. The VaOLQLW\ LQWeUSUeWaWLRQ LV PRUe 
cRQcXUUeQW ZLWh SUeYLRXV UeVXOWV, VXggeVWLQg aQ 
LQcUeaVe LQ VaOLQLW\ ZLWh WLPe, dXULQg Whe LQWeU-
gOacLaO, VXSSRUWed b\ Whe WUace eOePeQWaO UeVXOWV 
cRQdXcWed fRU WhLV WheVLV aQd cRPSOePeQWaU\ 
LVRWRSe (δ18O) aQd aVVePbOage daWa fURP SUeYL-
RXV UeVeaUch. The WUace eOePeQWaO daWa haV OeVV 
LPSacW RQ VaOLQLW\ UecRQVWUXcWLRQV WhaQ aW Whe 
RWheU WZR VWaWLRQV.  The R[\geQ cRQdLWLRQV LQ 
AQhROW ZeUe eVWLPaWed WR haYe beeQ decUeaVLQg 
ZLWh Whe LQcUeaVLQg Vea OeYeO aQd VaOLQLW\, WhLV 
ZaV VXSSRUWed b\ Whe decUeaVLQg caUbRQ LVR-
WRSeV, aV Whe WUace eOePeQWaO daWa Rf MQ dR QRW 
VhRZ VLgQLfLcaQW WUeQdV LQ Whe UecRUd. The YaO-
XeV Rf MQ/Ca aUe, hRZeYeU, hLgheU WhaQ LQ 
PRdeUQ PeaVXUePeQWV, VXggeVWLQg a ORZeU YeQ-
WLOaWLRQ aQd SURbabOe, ORZeU R[\geQ cRQWeQW. A 
SRVVLbOe LQdLcaWLRQ Rf VeaVRQaO LPSacW caQ be 
VeeQ LQ AQhROW, aOWhRXgh Whe UeVROXWLRQ LV ORZ 
aQd VhRXOd be cRQVLdeUed ZheQ LQWeUSUeWLQg Whe 
daWa.  

x In Ristinge, Whe bRWWRP ZaWeU WePSeUaWXUeV fRU 
A. baWaYa, aQ aYeUage Rf 8.9ၨC (UaQgLQg 4.0- 
12.7ၨC) ZeUe hLgheU WhaQ LQ Whe SUeVeQW. TeP-
SeUaWXUe fRU Whe VePL-TXaQWLWaWLYe UecRQVWUXc-
WLRQ Rf E. cOaYaWXP Rf 4.1ၨC (UaQgLQg 2.4-
7.1ၨC), VhRZV ORZeU YaOXeV ZheQ cRPSaUed WR 
Whe PRdeUQ cRQdLWLRQV, aOWhRXgh Whe WUace eOe-
PeQWaO Mg/Ca LV hLgheU. The PaULQe LQfOXeQce 
dXULQg Whe EePLaQ LV LQ RLVWLQge VXSSRUWed b\ 
WUace eOePeQWaO LQdLcaWLRQ Rf LQcUeaVLQg VaOLQLW\, 
VXSSRUWed b\ LVRWRSLc daWa. The YeQWLOaWLRQ Rf 
Whe VLWe ZaV SUeVXPed gRRd dXULQg Whe LQWeUgOa-
cLaO SeULRd, dXe WR Whe d\QaPLc eQYLURQPeQW LQ 
Whe DaQLVh VWUaLWV LQ cRPSaULVRQ WR Whe RWheU 
VLWeV.  

x In Obrzynowo, Whe bRWWRP ZaWeU WePSeUaWXUe 
UeVXOWed LQ hLgheU WhaQ WRda\ YaOXeV fRU A. baWa-
Ya ZLWh aQ aYeUage Rf 12.2ၨC (UaQgLQg 10.3-
15.7ၨC), bXW ORZeU WePSeUaWXUe fRU E. cOaYaWXP 
Rf 4.2ၨC (UaQgLQg 3.6- 6.2ၨC), dXULQg Whe OaVW 
LQWeUgOacLaO. The cRQVeQVXV LV WhaW Whe bRWWRP 
ZaWeU WePSeUaWXUe LQ RLVWLQge ZaV hLgheU, SURb-
abO\ dXe WR Whe dLffeUeQW fRUaPLQLfeUa VSecLeV 
caOcLf\LQg LQ dLffeUeQW cRQdLWLRQV LQ geQeUaO, 
heQce UecRUdLQg, e.g. ORZeU WePSeUaWXUeV aQd 
VeaVRQaO gURZWh. SaOLQLW\ LQdLcaWLRQV UeVXOWLQg 
fURP WhLV WheVLV VhRZ a decUeaVe LQ VaOLQLW\ dXU-

LQg Whe EePLaQ, cRQQecWed WR Whe fUeVhZaWeU 
LQSXW fURP Whe VLVWXOa ULYeU, VWUeQgWheQed b\ 
LVRWRSLc daWa aQd aVVePbOageV fURP SUeYLRXV 
SXbOLcaWLRQV. AQ LQWeUSUeWaWLRQ Rf R[\geQ cRQ-
dLWLRQV fRU WhLV ORcaWLRQ LV cRPSOLcaWed, bXW Whe 
cRXSOLQg ZLWh caUbRQ LVRWRSeV PLghW LPSO\ a 
VWURQg VWUaWLfLcaWLRQ aQd UaWheU R[\geQ-SRRU 
cRQdLWLRQV.  

x The reconstruction of the Eemian caQ VeUYe 
aV a gRRd aQaORgXe fRU Whe VWeadLO\ chaQgLQg 
cOLPaWe aQd VXSSRUW fXUWheU UeVeaUch ZLWh Whe 
SUR[\ fRU dULYLQg facWRUV heOSfXO LQ PRdeOOLQg 
aQd SUedLcWLQg fXWXUe eQYLURQPeQWV, e.g. Whe 
gURZLQg ORZ R[\geQ cRQdLWLRQV LQ Whe BaOWLc.   

 
7 AcNQRZOHdJHPHQWV 

I gUeaWO\ aSSUecLaWed Whe dLVcXVVLRQV aQd cRQVWUXc-
WLYe feedbacN aQd ZRXOd, WheUefRUe, OLNe WR WhaQN P\ 
VXSeUYLVRU HeOeQa FLOLSVVRQ fRU aOO Whe VXSSRUW, gXLd-
aQce aQd SaWLeQce dXULQg Whe ZhROe SURgUeVV. I aOVR 
ZaQW WR e[WeQd Whe gUaWLWXde WRZaUdV Sha NL, P\ Vec-
RQdaU\ VXSeUYLVRU, fRU aOO Whe heOS aQd gXLdaQce Vhe 
SURYLded. I ZaQW WR WhaQN JeUReQ GUReQeYeOd fRU VXSeU-
YLVLRQ aQd gXLdaQce dXULQg OabRUaWRU\ aQaO\VLV aW Whe 
BUePeQ UQLYeUVLW\ aQd heOS ZLWh daWa aQaO\VLV. AQ 
addLWLRQaO WhaQNV gR WR CaUO AOZPaUN aQd Sha NL aW 
LXQd UQLYeUVLW\ fRU Whe heOS ZLWh WaNLQg SEM SLc-
WXUeV. FLQaOO\, I ZaQWed WR WhaQN Whe GeRORg\ DeSaUW-
PeQW LQ LXQd fRU Whe LQcUedLbOe WZR \eaUV Rf PaVWeU¶V 
VWXdLeV. MaQ\ WhaQNV gR WR P\ fULeQdV aQd faPLO\ fRU 
Whe VXSSRUW aQd cRPSaQ\ WhURXghRXW Whe eQWLUe SUR-
ceVV. 
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The UeVXOW fURP IOCP aQaO\VLV.  

9 ASSHQdL[ 
ASSHQGL[ 1:  

Depth Anholt Sample Species or 
tǇpe 

BaͬCa MgͬCa 
;mmolͬmolͿ 

MnͬCa 
;mmolͬmolͿ 

Temperature 
;϶CͿ 

ϳϰ͘ϳϲ-ϳϰ͘ϳϵ A1 B͘ maƌginaƚa 2.ϵ42 1.ϵ2ϴ 0.0ϴ1 ϴ.6ϴ0 
ϳϱ͘Ϭϰ-ϳϱ͘Ϭϳ A2 B͘ maƌginaƚa 2.ϴ41 2.00ϵ 0.0ϵϴ ϵ.3ϵ3 
ϳϱ͘ϰϬ-ϳϱ͘ϰϯ A3 B͘ maƌginaƚa 3.ϵ32 1.667 0.101 6.3ϵ5 
ϳϱ͘ϲϬ-ϳϱ͘ϲϯ A4 B͘ maƌginaƚa 1.ϵ30 1.ϵ06 0.101 ϴ.4ϵ0 
ϳϱ͘ϳϭ-ϳϱ͘ϳϰ A5 B͘ maƌginaƚa 1.774 1.ϴ7ϴ 0.0ϴϴ ϴ.247 
ϳϲ͘ϭϭ-ϳϲ͘ϭϰ A6 B͘ maƌginaƚa 2.2ϵ3 1.74ϵ 0.0ϴ0 7.ϵ53 
ϳϲ͘ϭϭ-ϳϲ͘ϭϰΎ A7 B͘ maƌginaƚa 1.425 1.ϵ40 0.072 * 
ϳϲ͘ϯϬ-ϳϲ͘ϯϯ Aϴ B͘ maƌginaƚa 1.346 1.774 0.074 7.330 
ϳϲ͘ϱϬ-ϳϲ͘ϱϯ Aϵ B͘ maƌginaƚa 1.ϵ22 1.ϴ2ϵ 0.0ϴϴ 6.ϴ74 
ϳϲ͘ϱϬ-ϳϲ͘ϱϯΎ A10 B͘ maƌginaƚa 1.25ϵ 1.614 0.0ϴ6 * 
ϳϳ͘Ϯϲ-ϳϳ͘Ϯϵ A11 B͘ maƌginaƚa 0.ϵ2ϴ 1.ϵ74 0.063 ϵ.0ϴ7 
ϳϳ͘ϰϰ-ϳϳ͘ϰϳ A12 B͘ maƌginaƚa 1.4ϵ5 2.06ϵ 0.0ϴ1 ϵ.ϵ1ϴ 
ϳϰ͘ϳϲ-ϳϰ͘ϳϵ B1 H͘ balƚhica 5.ϴϴ5 4.227 0.556 ϴ.720 
ϳϱ͘Ϭϰ-ϳϱ͘Ϭϳ B2 H͘ balƚhica 5.34ϵ 3.ϵϴ1 0.36ϵ ϴ.247 
ϳϱ͘ϰϬ-ϳϱ͘ϰϯ B3 H͘ balƚhica 10.241 4.32ϴ 0.53ϵ ϴ.ϵ14 
ϳϱ͘ϲϬ-ϳϱ͘ϲϯ B4 H͘ balƚhica 7.317 3.ϴ05 0.557 7.ϵ0ϵ 
ϳϱ͘ϳϭ-ϳϱ͘ϳϰ B5 H͘ balƚhica ϵ.2ϴϵ 4.0ϵ5 0.51ϴ ϴ.465 
ϳϲ͘ϭϭ-ϳϲ͘ϭϰ B6 H͘ balƚhica 7.7ϵ3 3.ϴ11 0.35ϵ ϴ.103 
ϳϲ͘ϭϭ-ϳϲ͘ϭϰΎ B7 H͘ balƚhica 6.723 4.002 0.3ϵ6 * 
ϳϲ͘ϯϬ-ϳϲ͘ϯϯ Bϴ H͘ balƚhica 7.703 4.02ϴ 0.526 1.603 
ϳϲ͘ϱϬ-ϳϲ͘ϱϯ Bϵ H͘ balƚhica 7.0ϵ3 3.ϴ41 0.627 1.7ϵ7 
ϳϲ͘ϱϬ-ϳϲ͘ϱϯΎ B10 H͘ balƚhica ϴ.03ϵ 4.203 0.6ϴ6 * 
ϳϳ͘Ϯϲ-ϳϳ͘Ϯϵ B11 H͘ balƚhica 6.6ϴ0 4.144 0.427 1.412 
ϳϳ͘ϰϰ-ϳϳ͘ϰϳ B12 H͘ balƚhica ϴ.615 4.526 0.353 1.26ϵ 
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Depth Ristinge Sample Species or 

tǇpe 
BaͬCa 

;μmolͬmolͿ 

MgͬCa 

;mmolͬmolͿ 

MnͬCa 
;mmolͬmolͿ 

Temperature 
;϶CͿ 

ϯ C1 A͘ baƚaǀa 4.ϵ37 1.061 0.225 11.52ϴ 
ϭϴ C2 A͘ baƚaǀa 6.067 1.230 0.300 14.2ϵϴ 
ϯϯ C3 A͘ baƚaǀa 5.531 1.12ϵ 0.330 12.6ϵ4 
ϰϴ C4 A͘ baƚaǀa 5.336 1.104 0.23ϴ 12.27ϵ 
ϱϰ C5 A͘ baƚaǀa 4.76ϵ 1.04ϵ 0.242 11.316 
ϲϯ C6 A͘ baƚaǀa 4.ϵ32 1.0ϵ1 0.360 12.054 
ϲϯ C7 A͘ baƚaǀa 5.2ϵ2 1.1ϵ6 0.30ϴ * 
ϳϮ Cϴ A͘ baƚaǀa 5.ϵ77 0.ϴ11 0.336 6.465 
ϴϭ Cϵ A͘ baƚaǀa 5.46ϴ 0.ϵϵ5 0.334 10.32ϴ 
ϵϬ C10 A͘ baƚaǀa 7.657 0.ϵ33 0.3ϵ7 ϵ.10ϴ 
ϭϬϱ C11 A͘ baƚaǀa 5.ϵ15 0.ϵ44 0.370 ϵ.320 
ϭϮϬ C12 A͘ baƚaǀa 6.ϴ5ϵ 0.ϴ6ϵ 0.354 7.7ϴ0 
ϭϯϲ C13 A͘ baƚaǀa 7.460 0.ϵ02 0.3ϵ1 7.ϴϴϴ 
ϭϯϲ C14 A͘ baƚaǀa 7.0ϴ3 0.ϴ47 0.35ϵ * 
ϭϱϭ C15 A͘ baƚaǀa 6.5ϴ0 0.ϴ76 0.2ϵ5 7.ϵ2ϴ 
ϭϲϲ C16 A͘ baƚaǀa 6.ϵϴ2 0.712 0.321 4.015 
ϭϳϱ C17 A͘ baƚaǀa 7.ϵ61 0.7ϴ0 0.413 5.752 
ϭϴϭ C1ϴ A͘ baƚaǀa ϵ.124 0.ϴ03 0.450 6.27ϴ 
ϭϴϳ C1ϵ A͘ baƚaǀa 10.251 0.750 0.301 5.010 
ϭϵϯ C20 A͘ baƚaǀa 12.126 0.ϴ1ϵ 0.2ϵ6 6.655 
ϭϵϵ C21 A͘ baƚaǀa 13.ϵ10 0.ϴ6ϴ 0.3ϴ0 7.74ϵ 
ϮϬϱ C22 A͘ baƚaǀa 1ϴ.54ϵ 0.ϴϵ5 0.240 ϴ.322 
ϯ D1 E͘ claǀaƚƵm 7.763 1.230 0.21ϴ 4.566 
ϭϴ D2 E͘ claǀaƚƵm ϵ.ϴϵ2 2.041 0.153 ϴ.264 
ϯϯ D3 E͘ claǀaƚƵm 7.ϵ24 1.74ϵ 0.144 7.137 
ϰϴ D4 E͘ claǀaƚƵm 6.735 1.55ϴ 0.0ϵ7 6.2ϵ4 
ϱϰ D5 E͘ claǀaƚƵm 7.313 1.171 0.1ϴϴ 4.205 
ϲϯ D6 E͘ claǀaƚƵm 7.30ϵ 1.012 0.21ϴ 4.6ϴϵ 
ϲϯ D7 E͘ claǀaƚƵm 7.443 1.4ϴϵ 0.174 * 
ϳϮ Dϴ E͘ claǀaƚƵm 6.700 1.03ϵ 0.133 3.336 
ϴϭ Dϵ E͘ claǀaƚƵm 6.557 0.ϵ2ϵ 0.125 2.515 
ϵϬ D10 E͘ claǀaƚƵm 7.105 1.253 0.133 4.6ϵϵ 
ϭϬϱ D11 E͘ claǀaƚƵm 7.047 0.ϵϵ7 0.142 3.030 
ϭϮϬ D12 E͘ claǀaƚƵm ϵ.631 0.ϵ1ϴ 0.153 2.430 
ϭϯϲ D13 E͘ claǀaƚƵm 7.671 1.027 0.142 3.723 
ϭϯϲ D14 E͘ claǀaƚƵm ϵ.450 1.165 0.116 * 
ϭϱϭ D15 E͘ claǀaƚƵm ϵ.64ϵ 1.104 0.151 3.776 
ϭϲϲ D16 E͘ claǀaƚƵm 1ϴ.041 1.01ϴ 0.0ϴ3 3.1ϴϴ 
ϭϳϱ D17 E͘ claǀaƚƵm 10.575 1.141 0.122 4.017 
ϭϴϭ D1ϴ E͘ claǀaƚƵm 12.00ϵ 1.214 0.243 4.470 
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Depth 
ObrǌǇnoǁo 

Sample Species or 
tǇpe 

BaͬCa 
;μmolͬmolͿ 

MgͬCa 
;mmolͬmolͿ 

MnͬCa 
;mmolͬmolͿ 

Temperature 
;϶CͿ 

ϭϭϭ͘ϭ E1 A͘ baƚaǀa 7.ϵ05 1.144 0.2ϵ1 12.ϵ44 
ϭϭϭ E2 A͘ baƚaǀa 7.3ϴ0 1.035 0.22ϵ 11.053 
ϭϭϬ͘ϴϴ E3 A͘ baƚaǀa 7.051 1.10ϴ 0.273 12.345 
ϭϭϬ͘ϲϱ E4 A͘ baƚaǀa 6.ϴ60 1.0ϵ6 0.204 12.132 
ϭϭϬ͘ϰϱ E5 A͘ baƚaǀa 7.536 1.06ϵ 0.171 11.675 
ϭϭϬ͘ϯϯ E6 A͘ baƚaǀa 7.643 1.074 0.254 12.727 
ϭϭϬ͕ϯϯΎ E7 A͘ baƚaǀa 7.417 1.1ϴϴ 0.254 * 
ϭϭϬ͘Ϯ Eϴ A͘ baƚaǀa 7.7ϴ1 1.031 0.263 10.ϵϴϵ 
ϭϬϵ͘ϵ Eϵ A͘ baƚaǀa ϴ.177 1.075 0.276 11.771 
ϭϬϵ͘ϳϲ E10 A͘ baƚaǀa ϴ.546 ϴ.ϴ63 0.1ϵ4 51.43 
ϭϬϵ͘ϲϭ E11 A͘ baƚaǀa ϴ.053 1.303 0.31ϵ 15.3ϵ0 
ϭϬϵ͘ϯ E12 A͘ baƚaǀa 7.ϴ5ϴ 1.073 0.3ϴ2 11.240 
ϭϬϵ͕ϯΎ E13 A͘ baƚaǀa ϴ.4ϴ4 1.017 0.213 * 
ϭϬϴ͘ϴϮ E14 A͘ baƚaǀa 7.602 1.324 0.231 15.6ϵ5 
ϭϬϴ͘ϱϴ E15 A͘ baƚaǀa 3.522 1.007 0.237 10.54ϴ 
ϭϬϴ͘ϯϱ E16 A͘ baƚaǀa 4.ϵ5ϴ 0.ϵϵ6 0.247 10.334 
ϭϭϬ͘ϴϴ F1 E͘ claǀaƚƵm ϴ.51ϴ 1.555 0.1ϴ5 6.2755 
ϭϭϬ͘ϲϱ F2 E͘ claǀaƚƵm 12.216 1.3ϵ4 0.13ϵ 5.4ϴ15 
ϭϭϬ͘ϰϱ F3 E͘ claǀaƚƵm 10.174 1.0ϵ1 0.102 3.6ϵ0ϵ 
ϭϭϬ͘ϯϯ F4 E͘ claǀaƚƵm ϵ.353 1.0ϴ1 0.141 3.ϴ20ϴ 
ϭϭϬ͕ϯϯΎ F5 E͘ claǀaƚƵm 10.63ϴ 1.140 0.0ϵϴ * 
ϭϭϬ͘Ϯ F6 E͘ claǀaƚƵm 10.064 1.11ϵ 0.106 3.ϴ733 
ϭϬϵ͘ϵ F7 E͘ claǀaƚƵm 14.114 1.16ϵ 0.151 4.1ϵ26 
ϭϬϵ͘ϳϲ Fϴ E͘ claǀaƚƵm 10.ϵ07 1.1ϵ6 0.1ϴ4 4.35ϵ6 
ϭϬϵ͘ϲϭ Fϵ E͘ claǀaƚƵm 10.155 1.0ϵ3 0.163 3.7033 
ϭϬϵ͘ϯ F10 E͘ claǀaƚƵm ϵ.547 1.121 0.14ϵ 3.ϴ076 
ϭϬϵ͕ϯΎ F11 E͘ claǀaƚƵm ϵ.543 1.0ϵ6 0.1ϵ4 * 
ϭϬϴ͘ϴϮ F12 E͘ claǀaƚƵm ϵ.315 1.103 0.124 3.7720 
ϭϬϴ͘ϱϴ F13 E͘ claǀaƚƵm ϵ.110 1.0ϴ3 0.106 3.6351 
ϭϬϴ͘ϯϱ F14 E͘ claǀaƚƵm 11.403 1.143 0.175 4.0325 
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ASSHQGL[ 2:  

Sample 
ID 

Depth Species or 
TǇpe 

δ13C VPDB 
corr 

δ18O VPDB 
corr 

Gϭ 111.1 Ammonia -3.63 -5.67 
GϮ 111 Ammonia -2.ϴ5 -5.ϴ4 
Gϯ 110.ϴϴ Ammonia -3.34 -5.11 
Gϰ 110.65 Ammonia -3.77 -4.ϵ1 
Gϱ 110.45 Ammonia -3.1ϵ -4.ϴ5 
Gϲ 110.33 Ammonia -2.56 -5.1ϵ 
Gϳ 110.33 Ammonia -1.77 -4.56 
Gϴ 110.2 Ammonia -3.03 -5.0ϴ 
Gϵ 10ϵ.ϵ Ammonia -2.ϵ7 -4.ϵϵ 
GϭϬ 10ϵ.76 Ammonia -3.ϵϴ -5.ϵ3 
Gϭϭ 10ϵ.61 Ammonia -3.25 -5.22 
GϭϮ 10ϵ.3 Ammonia -3.25 -5.06 
Gϭϯ 10ϵ.3 Ammonia -2.70 -5.10 
Gϭϰ 10ϴ.ϴ2 Ammonia -2.11 -4.ϴ1 
Gϭϱ 10ϴ.5ϴ Ammonia -0.7ϵ -4.55 
Gϭϲ 10ϴ.35 Ammonia -2.6ϴ -5.44 
Hϭ 110.ϴϴ ElƉhidiƵm -2.14 -1.ϵ4 
HϮ 110.65 ElƉhidiƵm -3.71 -2.14 
Hϯ 110.45 ElƉhidiƵm -3.10 -2.12 
Hϰ 110.33 ElƉhidiƵm -3.17 -2.0ϵ 
Hϱ 110.33 ElƉhidiƵm -3.00 -2.21 
Hϲ 110.2 ElƉhidiƵm -2.72 -2.22 
Hϳ 10ϵ.ϵ ElƉhidiƵm -1.45 -3.71 
Hϴ 10ϵ.76 ElƉhidiƵm -3.43 -2.46 
Hϵ 10ϵ.61 ElƉhidiƵm -2.ϵ1 -2.3ϵ 
HϭϬ 10ϵ.3 ElƉhidiƵm -2.ϵ7 -2.27 
Hϭϭ 10ϵ.3 ElƉhidiƵm -3.17 -2.31 
HϭϮ 10ϴ.ϴ2 ElƉhidiƵm -2.6ϴ -1.ϵ1 
Hϭϯ 10ϴ.5ϴ ElƉhidiƵm -1.53 -3.71 
Hϭϰ 10ϴ.35 ElƉhidiƵm -4.13 -2.51 
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